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Abstract
Late Albian (~ 104-101 Ma) strata in northern Alberta are assigned to the
marginal-marine Paddy Member, and the marine Joli Fou, Pelican and Viking formations.
Temporal relationships between these units have never been established in detail. This
study shows that the marine Joli Fou mudstone forms a sheet that onlaps westward
against a subaerial ridge (?forebulge); coeval fluvio-lagoonal lower Paddy strata onlap
against the western side. The ridge crest was buried by upper Paddy strata, of Cordilleran
provenance, that grade eastward into deltaic lower Pelican quartz arenites derived from
the Canadian Shield. The presence of quartz arenites in the Peace River area
demonstrates that the Pelican fluvio-deltaic system completely blocked the Joli Fou
Seaway; waters to the south became brackish, shown by the absence of marine fauna in
Viking rocks. Upper Pelican allomembers offlap eastward, implying subtle tectonic uplift
in the west, probably related to erosional degradation of the Cordillera.
Keywords
Peace River Formation, Paddy Member, Joli Fou Formation, Pelican Formation, Viking
Formation, Late Albian, Cretaceous, sedimentology, allostratigraphy, paleogeography,
Joli Fou-Skull Creek Seaway.
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Chapter 1 Introduction
1.1 Introduction
Sedimentary stratigraphy is concerned with recognizing, correlating and
interpreting distinct bodies of rock, and their spatial relationships with each other
(Nichols, 2009). Lithostratigraphy defines rock bodies on the basis of lithology, but the
boundaries of rock bodies are commonly strongly diachronous, hindering genetic
interpretation, in terms of both space and time. Lithostratigraphic classification of the
sedimentary record remains the basic descriptive process for stratigraphic documentation
(Miall, 2016). In contrast, sequence stratigraphy maps rock units on the basis of various
types of bounding discontinuities, that form as a result of relative changes in sea level
(Catuneanu, 2006). Bounding discontinuities are mappable surfaces that approximate
timelines, and more effectively illustrates the genetic relationships between different
lithostratigraphic units (Bhattacharya and Posamentier, 1994). The introduction of
sequence stratigraphy instituted a broader scale of research, encompassing whole basins,
and focusing on allogenic controls, particularly sea-level change (Miall, 2016).
Ultimately, the combination of a sequence stratigraphy, sedimentology and basin analysis
provides a dynamic and comprehensive approach to create a predictive framework for
understanding the fill of a sedimentary basin.
The lithostratigraphic terminology applied to late Albian rocks in different parts
of the Western Canada Foreland Basin (WCFB) exemplifies the limitations of
lithostratigraphy as a basis for reconstructing basin history in any detail. Late Albian
strata are widely distributed across the foredeep and back-bulge depocentres in northeast
British Columbia and Alberta, and encompass a range of depositional environments from
alluvial through nearshore to offshore marine. The variety of sedimentary facies has
resulted in numerous lithostratigraphic names for approximately contemporaneous rock
units (i.e., Boulder Creek, Buckinghorse, Bow Island, Hasler, Joli Fou, Loon River, Mill
Creek, Newcastle, Paddy, Pelican, Shaftesbury, Spinney Hill, Viking, Walton Creek),
which obscures the genetic relationships between various lithostratigraphic units.
Therefore, in order to understand the evolution of the basin fill, a regional sequence
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stratigraphic framework is required. This project has helped to clarify the temporal and
spatial relationships between the Albian Peace River, Pelican, Joli Fou and Viking
formations in northern Alberta.
In northwestern Alberta and adjacent British Columbia, middle to late Albian time is
represented by the clastic, wedge-shaped Peace River Formation, which is defined as a
lithostratigraphic unit. The Peace River Formation is separated on lithostratigraphic
grounds into a lower, mudstone-dominated Harmon Member, a middle sandstone and
conglomerate-dominated Cadotte Member, and an upper, heterolithic Paddy Member
(Alberta Study Group, 1954). The middle Albian Harmon and Cadotte Members form a
distinct transgressive-regressive couplet that thickens markedly westward into the
foredeep. The contact between the Cadotte and overlying Paddy Member is an
unconformable, subaerial surface that was extensively incised by paleovalleys (Leckie et
al., 1990). The age of the Paddy Member is less well-defined because it contains few agediagnostic fossils. The Paddy member was deposited during a renewed phase of flexural
subsidence following deposition of the Cadotte Member (Plint et al., 2012; Buckley et
al., 2016).
The Harmon and Cadotte Members are progressively erosionally truncated eastward,
and are overlain by the Joli-Fou and Pelican Formations to the northeast. Marine
mudstone of the Joli Fou is overlain by sandy, shallow marine strata of the Pelican
Formation, which is considered to be stratigraphically equivalent to the Viking Formation
of central and southeastern Alberta (Wickenden, 1949; Stelck, 1958).

1.2 Research Questions

1. The Paddy Member is an easterly-thinning unit that unconformably onlaps the
underlying Cadotte Member and represents a distinct tectono-sedimentary episode
(Buckley and Plint, 2013). The Paddy Member comprises a wedge of sediment
deposited in three main environments: marine and wave-influenced sediments in the
north (with an Arctic ammonite fauna), which transition south-and westward into
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lagoonal and alluvial facies. Lagoonal deposits grade eastward, first into sandy
estuarine facies, assigned to the Paddy, and these in turn grade eastward into marine
sandstone assigned to the Pelican Formation.
Problem: The stratigraphic relationship, both in time and space, between the estuarine
Paddy Member in the west, the offshore marine Joli-Fou and Pelican formations in the
northeast and the Joli-Fou and Viking formations in the southeast, has never been
established in detail.
2. In Alberta, the lateral transition between the sandy Paddy Member, the muddy Joli
Fou Formation and the sandy Pelican Formation seems to correspond to a region of
marked stratal thinning.
Problem: Was there tectonic control on the transition zone between Paddy, Joli Fou and
Pelican in the northeast?
3. Upper Paddy strata exposed in the east along the Peace River represent a variety of
shallow marine to estuarine environments (Leckie and Singh, 1991; Henderson et al.,
2014). Reconnaissance petrographic investigation demonstrates that Paddy sandstones
fall into two discrete classes: cherty litharenites and quartz arenites (Buckley and Plint,
2013). Petrographic variability within the Paddy Member was observed by Hyde and
Leckie (1994), who attributed the heterogeneous sandstone composition to sand
supplied by rivers eroding different Rocky Mountain source areas. Alternatively,
Buckley and Plint (2013) suggested the quartz arenites were derived from the
Canadian Shield exposed in eastern Alberta and Saskatchewan, and were transported
westward into the foredeep. The observed interstratification of quartz arenites and
litharenites within the Upper Paddy has major implications for the organization of
alluvial systems (Buckley and Plint, 2013). Additionally, it was noted that much of the
Pelican Formation was composed of quartz arenite (McConnell, 1893; Wickenden,
1949).
Problem: Are all of the sandstones of similar provenance? Dual provenance within
sediments of the upper Paddy Member has not previously been explored in detail and
within a high-resolution allostratigraphic context. How and why did two major river
systems interact to produce the observed bimodal petrographic signature of the Paddy
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Member? Is the same river system contributing quartzose sand to the Paddy Member, and
to the Pelican Formation?
4. The Joli Fou mudstone marks flooding of the continental interior by the Arctic Ocean
and the Gulf of Mexico in the early late Albian. Few studies have explored the Joli
Fou in outcrop (McConnell, 1893; Wickenden, 1949; Badgley, 1952; Cotterill and
Berhane, 1996; Hay et al., 2012). Observation of the Joli Fou Formation on the
Athabasca River revealed multiple internal discontinuities and lag-strewn surfaces,
suggestive of periodic sea-floor erosion related to sea-level changes.
Problem: Exactly when did the Arctic embayment, typical of middle Albian time, change
to a through-going seaway in late Albian time? Was there just one transgressive event, or
did it proceed in pulses?
This project will assist in resolving the enigmatic stratigraphic relationships between
the upper Albian Paddy Member and the Joli Fou, Pelican and Viking Formations in the
WCFB, within a detailed sequence stratigraphic (temporal and spatial) framework. This
allostratigraphic foundation will provide the necessary context for investigation of
sandstone petrographic variability within the Paddy Member, which may indicate a ‘deep
time’ record of major drainage migration as recorded by dramatic changes in sandstone
lithology.

1.3 Data and Method
This study involved correlation of paired gamma ray and resistivity logs from >
2,000 wells, correlated through a grid of 37 cross-sections embracing an area of
approximately 42,500 km2, which extends from townships 60 to 85 and between ranges
22W5 to 10W4 (Fig. 1.1).
Existing lithostratigraphic schemes for the studied Albian rocks change from north to
south and east to west, and arbitrarily separate rocks that are closely related in time. In
order to reconstruct paleogeographic evolution and subsidence history on a basinal scale,
it is necessary to use a stratigraphic technique that emphasizes temporal relationships
between rock units. An allostratigraphic method for correlation has been utilized.
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Allostratigraphy emphasizes bounding surfaces that approximate time lines, rather than
using lithology as a basis for correlation (North American Commission on Stratigraphic
Nomenclature, 2005). Roca et al., (2008) employed an allostratigraphic approach to
determine the spatial and temporal relationships between diverse facies in a variety of
Cretaceous rocks in the Western Interior basin. Correlation of marine flooding surfaces in
wireline logs is a reliable technique for mapping physical bounding surfaces (Vail et al.,
1991). Marine flooding and transgressive surfaces typically form geologically very
quickly and hence can be interpreted as proxies for time lines (Cross and Lessenger,
1988; Buckley and Plint, 2013). In this study, average log spacing of three wells per
township permitted confident correlation of marine flooding and erosion surfaces
between wells, although well density became less towards the north and east.
Major allostratigraphic surfaces in the current thesis were traced from the previous
studies of Buckley and Plint (2013), Henderson et al., (2014) and Roca et al., (2008).
Sedimentary facies, paleoflow data, and detailed stratigraphy were explored in 24
cores and 20 major outcrop sections along the Peace and Athabasca rivers in northcentral Alberta, and were used to calibrate log responses.

Figure 1.1. Database for this study. Study area ranges from Township 60 to Township 85, and from Range 22W5 in
the west to Range 10W4 in the east.
6
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Chapter 2 Sequence Development in a Foreland Basin
2.1 Foreland Basin Model
A foreland basin is an elongate, flexural depression that forms in response to
orogeny, crustal shortening and thickening at convergent plate boundaries (Price, 1973;
Beaumont, 1981; Jordan, 1981; DeCelles and Giles, 1996). There are two types of
foreland basin (Dickinson, 1974). Peripheral foreland basins form in front of the
orogenic belt on top of the subducting plate in collision zones (either oceanic-continental
or continent-continent collisions; Miall, 1995). Retroarc foreland basins, such as the
Western Canada Foreland Basin, form on top of the overriding plate and are located on
the cratonward side of the volcanic arc (Dickinson, 1974; DeCelles and Giles, 1996) (Fig.
2.1).
The thickened crust adjacent to the subduction zone constitutes a mechanical load
that is gradually translated laterally as subduction proceeds, creating accommodation
through isostatic subsidence over a lateral distance of up to several hundred kilometres
(Beaumont, 1981; Sinclair et al., 1991). Topographically elevated and thickened crust
(the vertical load) subsides until the excess mass is isostatically supported by the
displacement of the underlying asthenosphere. Additional subsidence can be generated by
the mass of the sediment filling the basin, and also the by the viscous drag of the downwelling asthenosphere (Beaumont, 1981; Mitcovica et al., 1989). The wavelength of
flexure in a foreland basin reflects the strength of the lithosphere, which is controlled by
its flexural rigidity (Jordan, 1995; Miall, 1995). A beam with increased flexural rigidity
(similar to thick, cool lithosphere) disperses the isostatic compensation over a longer
distance (Jordan, 1995). Therefore, foreland basins that develop on strong lithosphere
(old and cold) distribute a supra-lithospheric load over a wider area, causing less local
subsidence but generating a broader and shallower basin (Watts, 1992; Miall, 1995).
Relatively weak lithosphere (young and hot) will subside to produce a narrower, deeper
basin (Watts, 1992). The heterogeneity of the lithosphere also needs to be considered as a
control on basin subsidence, because spatial differences in rheology can lead to different
subsidence patterns (Jordan, 1995). Stockmal et al., (1986) modelled these effects using
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Figure 2.1. Peripheral versus retroarc foreland basins. A) Peripheral foreland basins
develop in front of the orogen and overlie the subducting plate. B) Retroarc foreland
basins form on the cratonic side of the overriding plate in subduction zones. In retroarc
settings, dynamic subsidence due to mantle corner flow contributes to long-wavelength
subsidence (from DeCelles and Giles, 1996).
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the Swiss and Western Canada Foreland Basins, which formed over “young” and “old”
lithosphere, respectively.
The early definition of a foreland basin considered the basin fill as a single
depozone (Allen et al., 1986). Subsequently, DeCelles and Giles (1996) proposed that
foreland basins could be considered to be a system composed of four elongate, orogenparallel depozones. Depozones are defined based on their location relative to the
structural elements of the basin, and are characterized by deformation and subsidence
rates (DeCelles and Giles, 1996). Foreland basins are dynamic systems because the
cratonward advance of the orogenic wedge leads to migration of the depozones through
time (DeCelles, 2012). With increasing distance from the orogen, the four depozones of
the foreland basin system are: the wedge-top, foredeep, forebulge, and back-bulge
(DeCelles and Giles, 1996) (Fig. 2.2). The magnitude of the flexural deflection is
proportional to the degree of loading (Catuneanu et al., 2000). The wedge-top depozone
includes sediment that buries the active part of thrust belt and is typified by sediment
having compositional and textural immaturity, by growth structures and by regional
thinning toward the orogenic wedge (DeCelles and Giles, 1996). Progressive advance of
the fold-and-thrust belt induces uplift of the wedge-top depozone, resulting in low
subsidence rates and short sediment residence times.
The foredeep depozone consists of a cratonward tapering wedge of sediment that
accumulates in the flexural ‘moat’ between the limit of deformation and the forebulge
(Price, 1973; DeCelles, 2012) (Fig. 2.3). The foredeep is the area of most rapid
subsidence within a foreland basin, and therefore has the greatest potential for sediment
preservation. Most sediment in the foredeep is derived from the fold-and-thrust belt, with
minimal contribution from the forebulge and craton (DeCelles and Giles, 1996). The
width of the foredeep varies between 100 to 400 km, and may accumulate a succession of
sediment from 2 to 8 km thick (DeCelles and Giles, 1996). The foredeep tends to have a
limited lateral extent along strike, because flexural hingelines curve around the locus of
maximum tectonic loading (Catuneanu, 2004). In a retroarc foreland basin, a subaqueous
foredeep may host shallow marine or lacustrine deposystems, and/or

Figure 2.2. Schematic diagram of the four depozones in a typical foreland basin.: the wedge-top, foredeep, forebulge
and back-bulge. From DeCelles and Giles (1996).
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Figure 2.3. Plan and cross-sectional cartoon illustrating initial deformation of a
uniform lithosphere, not drawn to scale. Depicts the relationship of the flexural
‘moat’ between the limit of deformation (the load) and the forebulge. From
Quinlan and Beaumont (1984).
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subaerial depozones that receive sediment from transverse and/or longitudinally-flowing
alluvial systems (DeCelles and Giles, 1996).
The foredeep passes cratonward into the forebulge, which is a potentially
migratory region of flexural uplift and can be difficult to identify (DeCelles and Giles,
1996). The position and elevation of the forebulge is mechanically linked to the
supracrustal load; the amplitude of forebulge uplift is subtle and typically no more than
5% of the amount of subsidence in the foredeep (Miall, 1995). The wavelength from the
foredeep to the forebulge crest may range from 60 to 470 km (DeCelles and Giles, 1996).
As tectonic thickening increases the mass of the orogen, the forebulge rises and migrates
towards the deformation front. Conversely, if the mass of the orogen decreases due to
tectonic unloading or denudation, isostatic re-equilibration (uplift) of the orogenic
lithosphere occurs, resulting in flexural rebound of the foredeep and subsidence of the
forebulge (Jordan, 1995) (Fig 2.3). Forebulge uplift and migration can produce a regional
unconformity that diminishes toward the thrust wedge, as indicated by examples of
regional stratal bevelling (Plint et al., 1993).
Lastly, the back-bulge depozone is a broad region of shallow secondary flexural
subsidence and consists of sediment that accumulates between the forebulge and the
subaerially-exposed craton (DeCelles and Giles, 1996). While sediment in the backbulge
may be derived from the orogenic belt, contributions from the craton and carbonate
platform development can be significant in submarine systems (DeCelles and Giles,
1996). The back-bulge is located outboard of the deflection caused by the static orogenic
load, hence contribution of the static load to subsidence in this zone is minimal
(Crampton and Allen, 1995). The back-bulge undergoes moderate subsidence driven
mostly by dynamic subsidence, which can generate accommodation for relatively thick
sedimentary successions (Catuneanu, 2004).
The lithosphere is predicted to respond to a load in either a viscoelastic
(Beaumont, 1981; Quinlan and Beaumont, 1994) or an elastic manner (Jordan, 1981;
Jordan and Flemings, 1991; Sinclair et al., 1991). Under elastic conditions, the geometry
of the flexed lithosphere remains unchanged in response to a static load (Sinclair et al.,
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1991). When the load is removed, the plate rebounds geologically instantaneously to the
pre-flexed state (Jordan, 1995). Under this regime, sediment will progressively onlap the
forebulge (Jordan and Flemings, 1991; Sinclair et al., 1991). Conversely, when loaded, a
viscoelastic rheology gradually relaxes over time causing the foredeep to become
progressively narrower and deeper and the forebulge to rise and migrate toward the
deformation front (Beaumont, 1981). Deepening and narrowing of the foredeep should
cause successive sedimentary packages to be progressively less areally-extensive
(Sinclair et al., 1991).
Quinlan and Beaumont (1984) proposed that the difference between viscoelastic
and elastic flexure may be temperature-dependent, with the lower, hotter part of the
lithosphere responding viscoelastically, whereas the upper, cooler part of the lithosphere
responds elastically. Ultimately, crustal subsidence in foreland basins probably has a
viscoelastic element, but elastic plate models best predict the observed stratigraphic
successions on the time and geographic scales used in most stratigraphic investigations
(especially those in the WCFB) (Jordans and Flemings, 1991; Sinclair et al., 1991;
Varban and Plint, 2008). Models of basin flexure are appropriate to a first order, but can
become less accurate when crustal inhomogeneity is factored into ‘real world’ settings
(Jordan, 1995).
Subsidence and accommodation patterns in a retroarc foreland basin are
controlled by the combined effect of static and dynamic loads (Catuneanu et al., 1997).
Dynamic, sublithospheric loading occurs when the continental plate above a subducting
slab is pulled downward by circulating asthenosphere, causing the continental crust to
subside over a broader area (typically extending up to 1000 km inboard, tilting the entire
profile of the basin) (DeCelles and Giles, 1996). In addition, the gravitational pull of the
subducting slab contributes to sublithospheric loading of the overriding plate (Catuneanu,
2004). Dynamic long-wave subsidence can generate significant accommodation in both
the forebulge and backbulge depozones (DeCelles, 2012) (Fig. 2.4).
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Figure 2.4. Modelled interplay of flexural tectonics and dynamic subsidence, and their
combined influence on subsidence in a retroarc foreland basin. These are basin-scale
controls on accommodation, and are independent of each other. From Catuneanu (2004).
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The balance between sediment supply and changes in base level controls how
much accommodation is both generated and filled by sediment, and determines whether a
foreland basin is under-filled, filled or over-filled (Catuneanu, 2004). In an under-filled
basin, the rate of subsidence in the foredeep exceeds the rate of sediment supply and
produces a topographic trough that commonly is filled with water, and may accumulate
deep-water sediments (Jordan, 1995). Filled basins exist when the rate of subsidence and
sediment supply are approximately in equilibrium, and are dominated by shallow marine
sediments (Catnueanu, 2004). Over-filled basins occur when the rate of sediment supply
exceeds the subsidence rate, often producing a fluvial sedimentary plain that extends
across and buries the forebulge (Jordan, 1995).

2.2 Controls on Sequence Development in a Foreland Basin
Cyclicity in sedimentary successions develops in response to changes in the rate
of sediment supply (‘S’) versus the rate of accommodation (‘A’). Sediment is deposited
where space, or accommodation, is available for material to accumulate and can be
positive (space is created) or negative (space is removed) (Nichols, 2009). A
transgression occurs when A>S, and is expressed as a landward migration of the
shoreline, or retrogradation (Miall, 2000). A regression occurs when S>A, and is
observed as a basinward migration of the shoreline, or progradation (Miall, 2000). A
sedimentary succession will aggrade, or build up, when A=S (Miall, 2000) (Fig. 2.5).
Accommodation is the sum of tectonic subsidence or uplift and eustatic sea-level
change. Eustasy and basin tectonics (subsidence/uplift) combine to control relative sea
level (Posamentier et al., 1988). If possible, the tectonic and eustatic components should
be understood individually, to interpret the relative-sea level history of a basin.
According to Burton et al., (1987), this is rarely achievable in reality, and that only the
sum of tectonic basement subsidence and sea-level variations can be understood at best.
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Figure 2.5. Shoreline trajectory in response to sea-level change. Forced
regressions occur during relative sea-level fall, whereas normal regressions
occur when sedimentation rate exceeds accommodation rate at the shoreline.
Transgressions occur when the accommodation rate at the shoreline exceeds
the rate of sediment supply. From Helland-Hansen and Martinsen (1996).
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2.2.1 Subsidence
Subsidence is the most important mechanism for generating accommodation
(Catuneanu, 2004). In passive margin basins, subsidence is primarily controlled by
thermal cooling of formerly stretched lithosphere, the rate of which gradually decreases
over time (Dauteuil et al., 2013). Overall, the subsidence rate at passive margins is slow,
especially in the nearshore-shelf area, and is therefore treated as a background variable in
sequence development. In contrast, subsidence in a foreland basin is the result of active
thrusting, whereas reduced subsidence rate and isostatic rebound are related to tectonic
quiescence and erosion (Flemings and Jordan, 1989). Foreland basins are characterized
by an overall acceleration of tectonic subsidence rate (e.g., convex-up subsidence curve)
towards the orogen, and the basin fill reflects the episodicity of thrust loading (GarciaCastellanos and Cloetingh, 2012).
Cessation of thrusting causes the forebulge to become lower, and shifts it farther
from the thrust belt. Available accommodation moves more distally, and sediment
supplied from erosion of the orogen causes additional progradation into the basin (Jordan,
1995). Depositional packages deposited during a quiescent-phase are lens-shaped but are
wedge-shaped during active thrusting (Jordan, 1995).
Renewed thrusting shifts the main locus of accommodation to the proximal part of
the basin, and the forebulge moves closer to the thrust belt (Jordan and Flemings, 1991).
Movement of the forebulge toward the thrust belt, can erode sediment previously
deposited in what was the distal part of the basin, producing a distal unconformity
(Jordan, 1995).
Lateral variations in subsidence can also control the distribution of
accommodation. For example, Plint et al. (2012) demonstrated an along-strike shift in
subsidence-controlled depocentres on < 1 m.y. time scales, based on the offset of isopach
patterns between successive depositional units. The cause of the shifts was interpreted to
be due to localized zones of active deformation, followed by quiescence, when the
deformation in the accretionary wedge was accommodated elsewhere along strike (Plint
et al., 2012).
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2.3 Sequence Interpretation
Sequence stratigraphy uses erosion surfaces formed by relative sea-level changes
to subdivide the sedimentary record into time-equivalent units, and interprets the
relationship between accommodation, sediment supply and the resulting stratigraphy
(Nichols, 2009).
The relationship between sedimentation, sea-level and time has been studied
throughout the twentieth century. Wheeler (1958) was the first to graphically represent
sedimentary rocks in terms of time rather than thickness and, portrayed this way, time
gaps or unconformities became more readily apparent. Sloss (1963) subdivided the North
American stratigraphic column into six ‘sequences’, based on unconformities. The
concept of seismic stratigraphy was introduced by Vail et al. (1977), and this method
used seismic sections to identify stratal geometries and interpret regional unconformities.
Vail et al. (1977) assumed that observed unconformity-bounded sequences, were
generated by global absolute sea-level changes (referred to later as eustatic change).
Based on this technique, Vail et al. (1977) developed a global eustatic curve, which was
later modified by Haq et al. (1997, 1988).
Posamentier et al. (1988) re-evaluated the eustasy-driven sequence stratigraphic
approach of Vail et al. (1977), and proposed that a combination of basin tectonics and
eustasy produced what they termed relative-sea level change. Relative sea-level change is
responsible for the removal or generation of accommodation, and hence no specific
interpretation of tectonic or eustatic forcing is necessarily required in the interpretation of
stratigraphic sequences (Catuneanu, 2006).
In shallow marine environments, accommodation is created by a relative rise in
sea-level and subsequently filled with sediment until an equilibrium profile is achieved
(Miall, 2000). An equilibrium profile is 'a notional surface of deposition relative to sea
level', and sedimentation occurs throughout a shallow marine environment until this
surface is reached; sediment deposited above the equilibrium profile is reworked by
processes including waves and tidal currents in a marine setting (Nichols, 2009).
Mechanisms that result in relative sea-level rise, such as tectonic subsidence, eustatic sea-
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level rise or compaction of sea-floor sediments, will create accommodation in a shallow
marine environment (Nichols, 2009). Conversely, accommodation is reduced by eustatic
or tectonic mechanisms that cause a relative fall in sea-level, or by the addition of
sediment (Nichols, 2009). The interaction of the sedimentation rate and the rate of change
in accommodation at the shoreline, determines the shoreline trajectory (Posamentier et
al., 1988). 'Shoreline trajectory' is a shoreline's path in dip cross-section; the trajectory is
accretionary when sediment supply contributes to the shoreline path, or non-accretionary
when shoreline trajectory is determined by existing topography and no significant
sediment deposition occurs (Helland-Hansen and Martinsen, 1996).
Although change in accommodation due to relative sea-level change is most often
considered when interpreting the stratigraphic record, sediment supply may also vary as a
result of environmental, climatic and tectonic controls (Schlager, 1993). In non-marine
environments, where relative sea-level fluctuations have less or no effect, environmental,
climatic and tectonic controls play a more significant role in controlling stacking patterns
(Blum and Tornqvist, 2000).
Stratigraphic sequences can be subdivided into constituent systems tracts, which
are identified based on bounding surfaces, facies, architecture, and position within the
entire sequence (Catuneanu et al., 2009). Each systems tract is related to a particular part
of the relative sea-level curve (Catuneanu, 2000). Three types of sequence, each with
different numbers of systems tracts have been proposed: 1) transgressive-regressive (TR) sequences defined by the maximum regressive surface, 2) genetic sequences bounded
by a maximum flooding surface, and 3) the most widely used depositional sequences,
which are defined by subaerial unconformities produced by relative sea-level fall
(Catuneanu et al., 2011).

2.3.1 Depositional Sequences
2.3.2 Significant Surfaces
Relative sea-level change and sedimentation interact at the shoreline to initiate
four events that have related shifts in depositional trends, during a complete cycle of
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relative sea-level change (Catuneanu et al., 2009). The onset of forced-regression, at the
start of relative sea-level fall, marks a shift from aggradation to downstepping and
continued seaward stepping in a shallow-marine environment, and a change from
sedimentation to bypass or erosion in the corresponding fluvial environment (Catuneanu,
2006). At the conclusion of relative sea-level fall, the 'end-of-forced-regression' event
signals a shift from degradation to aggradation in the shallow-marine to fluvial
environment. The subsequent 'end-of regression' during a relative rise in sea-level, marks
the turning point from shoreline progradation to retrogradation or retreat. Ensuing relative
rise in sea-level is signified by a shift in stacking pattern from a backstepping or
retrogradational shoreline to progradation (Catuneanu, 2006). These events control the
formation of all four stratigraphically significant 'sequence surfaces', and are recognized
by the majority of 'sequence stratigraphic schools' (Catuneanu et al., 2009).
As the shoreline sweeps over the land during transgression, wave scouring
produces an erosional surface called a ravinement surface (Nichols, 2009). The
ravinement surface is more or less diachronous, often mantled with a conglomerate
transgressive lag and separates coastal or shallow-water sediments below from overlying
shelf deposits (Catuneanu, 2006). The offshore equivalent of a ravinement surface is a
flooding surface, demarcating an abrupt increase in water depth between older and
younger strata (Van Wagoner et al., 1988). The shoreline continues to migrate across the
land, during which the rate of relative rise in sea-level gradually slows until the
accommodation rate is balanced by the sedimentation rate, marking the end of shoreline
transgression. The switch from retrograding to prograding, normal regressive strata is
marked by the maximum flooding surface, or the furthest landward extent of the shoreline
(Catuneanu et al., 2009). During the maximum transgressive period, a very low
sedimentation rate typically prevails on the marine shelf, and thus extensive deposition of
condensed sections that may include authigenic glauconite, phosphates, and/or other
biogenic sediment occurs (Catuneanu, 2006).
During relative sea-level fall, rivers erode into sediment deposited during the
previous cycle and form progressively-widening valleys (Nichols, 2009). Concurrently,
the interfluve is starved of sediment and develops a mature soil profile (Catueanu, 2002).
The subaerial unconformity comprises both the interfluve paleosol and the fluvial
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erosion surface that underlies the valley wall and base (Catuneanu, 2006). In the Vail et
al. (1977) sequence stratigraphic model, the subaerial unconformity records the lowest
point on the relative sea-level curve and represents the sequence boundary; it continues to
develop until relative sea-level fall ends (Catuneanu, 2006). Lastly, relative sea-level fall
can result in the development of a fourth surface, the regressive surface of marine
erosion that occurs below sharp-based shore deposits as waves scour and plane off
deeper-water sediments (Plint and Nummedal, 2000). Formation of the regressive surface
of marine erosion is uncommon where subsidence rates are high (Plint and Nummedal,
2000) (Fig 2.6).

2.3.3 Allostratigraphic Approach
The North American Commission on Stratigraphic Nomenclature (NACSN)
defines an allostratigraphic unit as a “mappable body of rock that is defined and
identified on the basis of its bounding discontinuities” (NACSN, 1983, Article 58). These
discontinuities are assumed to have time-stratigraphic significance, and can include
unconformities, ravinement and flooding surfaces (Bhattacharya and Walker, 1991). An
allostratigraphic unit is rather loosely defined, and the author has liberty to define the
nature of the ‘bounding discontinuity’. Therefore, without a set defined surface, it can be
difficult to compare the conclusions of different allostratigraphic studies.
Marine flooding surfaces are useful allostratigraphic markers because they are
minimally diachronous (Cross and Lessenger, 1988). Surfaces related to relative sea-level
fall, such as the subaerial unconformity or the regressive surface of marine erosion, are
very diachronous (Plint and Nummedal, 2000), and so are poorly suited as proxy timelines.

2.3.4 Sequence Interpretation in a Foreland Basin
Early sequence stratigraphic models were developed for passive margin settings,
where the subsidence rate is the slowest in the nearshore-shelf realm and increases
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Figure 2.6. Relative sea-level curve representative of one sequence. The accommodation
(A) and sediment supply (S) ratio during each systems tract is shown at the figure bottom.
TST: transgressive systems tract; HST: highstand systems tract; FSST: falling stage
systems tract; LST: lowstand systems tract; RSME: regressive surface of marine erosion;
MFS: maximum flooding surface; TS: transgressive surface; SB: sequence boundary.
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basinward (Catuneanu, 2006). Therefore, fluctuations in relative sea-level have the
greatest effect near the shoreline and relative sea-level fall is recorded by subaerial
unconformities, incised valleys and a basinward shift in facies.
Nearshore depositional environments provide the best record of sea-level change
(Posamentier and Allen, 1993). In foreland basins, the nearshore environment is usually
in the foredeep, and possibly the forebulge area. Jordan and Flemings (1991) used
computer models to demonstrate the differences between shoreline stacking patterns and
the occurrence of significant surfaces (sequence boundaries, transgressive maxima,
regressive minima) in a rapidly subsiding foredeep versus those on a passive margin.
Incised valleys and subaerial unconformities are used to recognize relative sealevel fall on passive margins (Posamentier and Allen, 1993). In a foreland basin, a much
faster rate of eustatic fall is required to cause fluvial incision because of the rapid
subsidence in the proximal foredeep; in consequence, valleys and subaerial
unconformities are less prevalent in the proximal foredeep (Jordan and Flemings, 1991).
Jervey (1992) modelled stacking patterns in foreland basins, showing that
sedimentary successions deposited in a foreland basin during relatively rapid subsidence
tended to be highly aggradational, whereas those deposited during relatively slow
subsidence are highly progradational. Varban and Plint (2008) provided a real
stratigraphic example from the Upper Cretaceous Colorado Group of the Western Canada
Foreland Basin. The Cenomanian-Turonian Kaskapau Formation has an overall wedgeshape and is interpreted to represent a time of rapid subsidence in the foreland basin.
Shorelines are stacked vertically in the Kaskapau, as the rapid flexural subsidence
inhibited coarse nearshore clastic progradation (only ~25-40 km into the basin).
Conversely, the Turonian-Coniacian Cardium Formation has a tabular shape, and is
interpreted to represent a period of slow subsidence relative to that which prevailed
during deposition of the Kaskapau Formation. In the overlying Cardium Formation, slow
subsidence promoted the steepening of alluvial gradients and accelerated the progradation
of sandy and conglomeratic shoreface sediments, which extend ~ 180 km from the basin
margin.
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Foreland basins and passive margins have significantly different submarine
physiography (Posamentier and Allen, 1993). A passive margin reaches a shelf-break
offshore, beyond which gravity-driven processes build submarine fans. In contrast, a
foreland basin commonly has a ramp physiography instead of a shelf-slope break, and
therefore submarine fans are unlikely to develop. Foreland basins commonly have very
low depositional gradients, and shallow water conditions can exist across the entire basin
(Varban and Plint, 2008).
The following key concepts are based in part on Plint et al. (2012), and
summarize important points for sequence interpretation in a foreland basin:
1. A foreland basin has a ramp physiography, and frequently has a very low
depositional gradient. In marine settings, shallow water can extend across the
foredeep and onto the forebulge.
2. Subsidence in a foreland basin is episodic, and can be the primary mechanism
causing relative sea-level changes. The subsidence rate in a foreland basin is most
rapid on the orogen-proximal side; therefore, the effects of eustatic sea-level fall
are often suppressed and subaerial unconformities, including interfluve surfaces
and paleovalleys, are poorly developed.
3. Low subsidence rates or uplift of the forebulge, can generate unconformities and
condensed sections.

2.4 Western Canada Sedimentary Basin
The Western Canada Sedimentary Basin (WCSB) lies on relatively undeformed
granitic crust, the majority of which has been tectonically quiescent since the MidPrecambrian (1,650 Ma) Hudsonian Orogeny (Porter et al., 1982; Fig. 2.7). As a whole,
the WCSB comprises a northeasterly tapering succession of strata (from Middle
Proterozoic through Cenozoic in age) more than 20 km thick in the Cordilleran fold-andthrust belt, pinching out to an erosional zero edge on the margin of the craton (Porter et
al., 1982). The tectonic evolution of the WCSB consists of two major phases (Kauffman
and Caldwell, 1993). During the first phase, a mostly carbonate-dominated platform
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Figure 2.7. Geographic range of the Western Canada Sedimentary Basin. From Ricketts
(1989).
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flourished on the western passive margin of the North American craton, from Paleozoic
to mid-late Jurassic time (Mossop and Shetsen, 1994). Through the Triassic, the
supercontinent Pangea started to rift apart and the North American continent drifted
westward, leading to the opening of the central Atlantic Ocean (Leckie and Smith, 1992).
During the Middle Jurassic, rapid sea-floor spreading of the Atlantic Ocean progressed,
concomitant with subduction beneath the western margin of North America, that led to
the development of the Cordillera and initiation of the second tectonic phase of the
WCSB (Monger, 1993).

2.4.1 Tectonic Development and Evolution of the Western Canada Foreland Basin
Two main episodes of deformation and cordilleran development are distinguished
in the Canadian segment of the orogenic wedge, which resulted from the collision of
exotic crustal fragments with the North American plate during early to middle Jurassic
time (Columbian orogeny), and during mid-Cretaceous to early Tertiary time (Laramide
orogeny) (Monger et al., 1982; Stockmal et al., 1992; Evenchick et al., 2007). The
structural style of the fold and thrust belt mostly reflects the stratigraphic composition of
the deformed sedimentary succession: in the south, tectonic shortening was much greater,
resulting in many, thick thrust sheets. Northward, along strike, shortening diminished and
hence the number and length of thrusts decreases, with an associated increase in detached
fold complexes (Potocki and Hutcheon, 1992; McMechan and Thompson, 1993). The
Paleozoic stratigraphy changes from dominantly carbonate and sandstone in the south, to
a more shale-rich succession in the north (McMechan and Thompson, 1993).
Paleomagnetic measurements suggested that during late Jurassic to early
Cretaceous time, the North American craton migrated north through 30° of latitude,
significantly altering climatic conditions (Kauffman and Caldwell, 1993). After the early
Cretaceous, between 130-85 Ma, the paleolatitude of North America did not change
significantly (Kauffman and Caldwell, 1993). In early late Cretaceous time, Farallon
plate movement changed from almost orthogonal to progressively more dextral-oblique,
with strike-slip dominating in the north and compression in the south (Monger, 1993;
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Price, 1994). This corresponded with the collision of the Insular Superterrane with the
Intermontane Superterrane, resulting in the pulse of subsidence called the Laramide
Orogeny (Price, 1994). The deformation front, and the axis of the foreland basin
continued to migrate cratonward, resulting in progressive uplift and cannibalization of
earlier deposits in the western part of the foredeep (Wright et al., 1994).
Compressive deformation ended in the Eocene Epoch (about 55 Ma), because
deformation changed from transpressional to transtensional between North America and
the accreted terranes. This change ended both growth of the fold and thrust belt, and
attendant basin subsidence (Wright et al., 1994). Erosion of the orogen led to isostatic
uplift and erosion of the foreland basin fill (Price, 1994).

2.5 Basement Control on Subsidence in the Western Canada Sedimentary Basin
There are numerous known basement features in the Western Canada
Sedimentary Basin, and only those relevant to this study are addressed here. Of
particular importance is the Peace River Arch which is a structural feature that has
significantly affected the Phanerozoic succession in the region (O’Connell, 1994).

2.5.1 Peace River Arch
The Peace River Arch (PRA) is a long-lived, major elongate Precambrian
basement feature located in northeastern British Columbia and northwestern Alberta, and
is approximately 140 km wide and extends 400 km craton-ward in an east-northeast
direction (Cant, 1988; Leckie et al., 1990b). The arch consists of uplifted Precambrian
granite that is elevated about 1 km above its regional elevation. The PRA is an
asymmetrical structure with a gently dipping southern flank and more steeply dipping
northern slope. The Arch is dissected by numerous faults that cross-cut overlying
Paleozoic sediments (Cant, 1988). The PRA has significantly influenced the
sedimentation patterns in this region of the Western Interior Basin (Eaton et al., 1999).
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The tectonic history of the PRA is divided into three main phases (Cant, 1988;
O’Connell et al., 1990). During the first phase, uplift of the PRA occurred perpendicular
to the Upper Proterozoic passive margin, during the early Cambrian(?) to the middle
Devonian. The arch was a source of sediment that was deposited in the western, passive
margin of the North American craton (Mei, 2009). From the mid-late Devonian, normal
faulting occurred along the PRA, and resulting graben complexes were subsequently
infilled, onlapped and buried by clastic and carbonate sediments (O’Connell et al., 1990;
O’Connell, 1994).
The second phase of activity within the PRA began during the early
Carboniferous. An episode of extension over the crest of the Arch generated an elongate
zone of subsidence along the northern margin of the Devonian PRA, forming the Peace
River Embayment (PRE) (O’Connell et al., 1990; Mei, 2009). Tectonic inversion
continued during the Late Carboniferous and resulted in subsidence confined to the
former axis of the Devonian PRA, forming a graben system known as the Dawson Creek
Graben Complex (DCGC) (Barclay et al., 1990; Mei, 2009).
The final phase of evolution consisted of overall enhanced regional subsidence in
the PRE during the Jurassic and Early Cretaceous, coeval with loading of the south-west
end of the structure by accreted terranes during the Columbian and Laramide orogenies
(O’Connell et al., 1990). There is minimal evidence for reactivation of the faults that
influenced Paleozoic sedimentation (Cant, 1988), although Buckley et al. (2016) showed
that the Hines Creek Fault had been active during deposition of the upper part of the
Middle Albian Cadotte Member. Overall, however, the PRA underwent differential
subsidence as a (mostly) coherent structure, rather than as fault blocks, during the
deposition of the Middle Albian Harmon and Cadotte members (Buckley et al., 2016).
Specifically, the PRA was an area of decreased subsidence during the deposition of the
Harmon, whereas the southern half of the PRA was an area of greater subsidence during
deposition of the overlying Cadotte (Buckley et al., 2016).
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Chapter 3 Stratigraphy

3.1 Introduction
The purpose of this chapter is to summarize the current litho-, bio- and
chronostratigraphic understanding of the Peace River, Pelican and Joli Fou formations.
This will provide the background necessary to the discussion of new results arising from
the present study.

3.2 Lithostratigraphy
Selwyn (1877), first reported strata, currently assigned to the Peace River
Formation, in the Peace River valley near Hudson Hope, British Columbia. McLearn
(1918, 1923) identified these rocks in the Foothills of British Columbia and assigned
them to the Fort St. John Group. Initially, Wickenden (1951) divided the Peace River
Formation into a Basal Shale Member, a Middle Shale Member, the Cadotte or marine
sand Member and an Upper Continental Member. Badgley (1952) and the Alberta Study
Group (1954) later reassigned the Basal Shale Member to the Spirit River Formation. The
Alberta Study Group (1954) formally named the Middle Shale Member of Wickenden
(1951) the Harmon Member, and the Continental Member was designated as the Paddy
Member. Currently, the Peace River Formation is separated on lithostratigraphic grounds
into a lower, mudstone-dominated Harmon Member, a middle sandstone and
conglomerate-dominated Cadotte Member and an upper, heterolithic Paddy Member
(Alberta Study Group, 1954) (Fig. 3.1).
Along the Athabasca River, McConnell (1893) assigned the name Pelican to two
lithologically distinct units: the Pelican Sandstone and the underlying Pelican Shale.
Later, Wickenden (1949) assigned formation status to both units and renamed the Pelican
Shale the Joli Fou Formation, after the well-exposed section at the Joli Fou Rapids. The
Joli Fou Formation is now recognized as the basal unit of the Cretaceous Colorado
Group, and rests disconformably on the Grand Rapids Formation of the Mannville Group

30

Figure 3.1. Lithostratigraphic nomenclature of the Peace River, Joli Fou, Pelican and
Viking formations, northern and plains, Alberta. Modified from Reinson et al. (1994) and
Roca et al. (2008).
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in northeastern Alberta (Glass, 1990). The Joli Fou Formation is absent from the Rocky
Mountain Foothills, and passes laterally into the lower sandstones and shales of the Bow
Island Formation in southern Alberta (Stelck, 1958) (Fig. 3.1).
The Type Section of the Pelican Formation is at the mouth of the Pelican River
(Twp. 79, Rge. 17W4, 4th Mer) in northeastern Alberta (Glass, 1990). The Pelican is of
Late Albian age and is correlated with the subsurface Viking sandstone in the southern
Alberta Plains (Wickenden, 1949). Exposure of the Pelican Formation is limited to
northeastern Alberta, along the Athabasca River valley and around the northern and
eastern margins of the Birch Mountains (Cotterill and Berhane, 1996; Hay et al., 2012).
The contact between the Pelican and Joli Fou formations was considered gradational but,
in some cases, the Joli Fou is locally incised or entirely removed by the overlying Pelican
Formation (Reinson et al., 1994; Cotterill and Berhane, 1996; Hay et al., 2012).

3.3 Biostratigraphy
Molluscs provide the best means of biostratigraphic zonation due to their
widespread distribution and rapid evolution (Kauffman et al., 1993). This has allowed
high-resolution zonation of the Cretaceous succession in the Western Interior Basin
(Kauffman et al., 1993). However, many Western Interior inoceramid mollusc species,
particularly of the Upper Albian, are strongly endemic and are not adequate for longdistance correlation, but are useful for regional correlation (Walaszczyk and Cobban,
2016). Benthic foraminifera correlated to coeval molluscan zones have been used to
establish a lower resolution biozonation in strata where molluscs are rare or absent
(Stelck et al., 1956; Koke and Stelck, 1984, 1985; Stelck, 1991, 1995).
Stelck et al. (1956) established a biostratigraphic scheme for Lower Cretaceous
strata in the Peace River and Athabasca regions, based on the presence of ammonites and
benthic foraminifera endemic to the Boreal Sea. In Western Canada, Caldwell et al.
(1978) recognized three benthic foraminiferal assemblage zones within the Albian Stage:
the latest early Albian Gaudryina nanushukensis Zone, the early late Albian

32

Haplophragmoides gigas zone and the late late Albian Miliammina manitobensis Zone
(Fig. 3.2).
The lower and middle Albian Gaudryina nanushukensis Zone has been
recognized throughout northeastern British Columbia, northern and east-central Alberta
and west-central Saskatchewan (Stritch and Schröder-Adams, 1999). The zonal
ammonite Pseudopulchellia pattoni first occurs at the base of the Harmon Member,
which is considered to mark the lower to middle Albian boundary (Stelck, 1991).
Mudstones of the Harmon Member contain microfauna of the Haplophragmoides
multplum Subzone of the Gaudryina nanushukensis Zone, which Caldwell et al. (1978)
demonstrated to be of mid- middle Albian age. This subzone extends from the basal
Harmon transgressive surface into the lower unit of the overlying Cadotte Member,
where it is replaced by the late middle Albian Ammobaculites sp. Subzone, of the
Gaudryina nanushukensis Zone (Wickenden, 1951; Stelck et al., 1956; Caldwell et al.,
1978). The Ammobaculites sp. Subzone corresponds to the early Gastroplites Zone of the
ammonite sequence (Caldwell et al., 1978) (Fig. 3.2). Stelck et al. (1956) proposed that a
stratigraphic gap existed at the top of the Cadotte Member, based on an incomplete
ammonite succession. Also, the absence of eight foraminiferal subzones between the top
of the Cadotte and Paddy Members implied a significant stratigraphic hiatus (Stelck and
Koke, 1987; Stelck and Leckie, 1990).
The early late Albian boreal Haplophragmoides gigas Zone is widespread in the
Canadian interior and marks the southward incursion of the Boreal sea (Stritch and
Schröder-Adams, 1999). It is found in strata of early late Albian age from northeastern
British Columbia to Manitoba (Caldwell et al., 1978). The H. gigas zone has its greatest
expression in northeastern British Columbia, where Stelck and Koke (1987) subdivided
the zone into seven subzones. The H. gigas Zone type section occurs in the Joli Fou
Formation along the Athabasca River (Wickenden, 1949), and is equivalent to the
Inoceramus comancheanus Zone of Stelck (1975a) in the molluscan sequence. The H.
gigas gigas and H. gigas phaseolus subzones are the only two subzones identified east of
northeastern British Columbia, in the Joli Fou (Caldwell et al., 1993), and Viking
formations (Stritch and Schröder-Adams, 1999).
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Figure 3.2. Molluscan and foraminiferal zonation of Albian strata in the northwestern and
central plains of Alberta. Based on Stelck (1991) and Stritch and Schröder-Adams
(1999).
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The zone is absent from the Paddy Member, which is postulated to be equivalent to the
Pelican and Viking formations (Stelck and Leckie, 1990b). However, Wickenden (1951)
described Joli Fou molluscan (faunal) fragments present near Peace River town in
‘transitional’ beds (probably the Paddy Member) between the Peace River and
Shaftesbury formations.
The Miliammina manitobensis Zone is the most extensive Albian foraminiferal
zone in the southern Interior Plains (Caldwell et al., 1978). Stelck and Leckie (1990)
reported taxa of the late late Albian Verneuilina canadensis Subzone, of the M.
manitobensis Zone, from the upper Paddy Member and from the base of the
disconformably overlying Shaftesbury Formation, in the Goodfare area of northwestern
Alberta and equivalent Westgate Formation of central Alberta and Saskatchewan (Fig.
3.2). The V. canadensis Subzone is separated from the underlying H. gigas Zone by a
thin, mostly barren sandstone (the Viking Formation in southern Alberta, and the Pelican
Formation in northeastern Alberta; Caldwell et al., 1978).
The age of the Paddy Member is poorly constrained because it comprises mostly
non-marine to marginal-marine strata. The ammonite Stelckiceras liardense is present at
the top of the Paddy Member at Maurice Creek, and was also found in marine mudstones
of the Upper Viking Formation (or lithostratigraphic Shaftesbury or Hasler Formations)
at Lynx Creek and along the Peace River (Stelck, 1995; Ausich et al., 2015). Stelck
(1995) concluded that Stelckiceras liardense could not be younger than the middle late
Albian. Similarly, Ausich et al. (2015) inferred, based on combined bio- and
allostratigraphic correlation, that the uppermost Paddy Member could be of very early
late Albian age.
The late Albian endemic Gnesioceramus (formerly reported as Inoceramus)
comancheanus (Cragin) and Gnesioceramus bellvuensis (Reeside) are closely connected
to the cosmopolitan species Gnesioceramus anglicus (Woods) (Walaszczyk and Cobban,
2016). G. comancheanus and G. bellvuensis are biogeographically restricted to the North
American Western Interior, the Texas Gulf Coast and further north into Arctic Canada
and Greenland. G. comancheanus is of Tethyan affinity and appeared in the Gulf Coast
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Region, then subsequently migrated throughout the Western Interior Basin after the early
Late Albian Joli Fou-Skull Creek transgression.
The bivalve Gnesioceramus altifluminis (McLearn), was reported by Wickenden
(1949) to have been observed in-situ near the top of the Joli Fou Formation in the
Athabasca River Plains, although no actual specimens were collected. Leckie and Singh
(1991) reported shell molds of ‘I. comancheanus’ just above the basal surface of the
Paddy Member in the Heart River, near Peace River Town, and interpreted the shells to
have been reworked from older strata. During the present study, decalcified molds of
unbroken G. comancheanus, up to 25 cm in length, and G. altifluminis associated with
abundant wood debris with Teredolites, were found in the basal Paddy Member at Heart
River sites 6 and 7 (identifications by I.Walaszczyk, pers comm. 2016). The shells were
well preserved, imbricated and essentially in-situ. Therefore, the shells reported by
Leckie and Singh (1991) were probably not reworked from older strata. G.
comancheanus persisted throughout the Joli Fou-Skull Creek transgression, until at least
the middle of the following basin-wide regression (Walaszczyk and Cobban, 2016).
Therefore, mollusc evidence indicates an upper Albian age for the Paddy Member.
Microplankton are most abundant in shaly offshore strata such as the Harmon
Member and Shaftesbury Formation, whereas sandy nearshore units including the
Cadotte and Paddy members contain a higher proportion of megaspores (Singh, 1971).
Microflora of the Harmon and Cadotte members are dated as middle Albian (Singh,
1971). The first appearance of angiosperm pollen (tricolpate dicotyledonous) occurs
within the upper Harmon and at the base of the Joli Fou Formation, and diversity
increases in overlying units (Singh, 1971).
Compared to the Harmon and Cadotte Members, the Paddy Member contains
significantly fewer microplankton species and has an increased megaspore diversity,
indicative of a nearshore depositional environment (Singh, 1971). High representation of
angiosperm pollen and the occurrence of the acritarch Schizocystia laevigata, known only
from late Albian or younger strata, suggests that the Paddy is of late Albian age (Leckie
and Singh, 1991). The Paddy Member also contains the gymnosperm pollen
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Rugubivesiculites reductus, which indicates a late Albian or younger age (Leckie and
Singh, 1991).

3.4 Chronostratigraphy
The absolute age of the base of the Harmon Member can be inferred from a
bentonite in the laterally-equivalent Loon River Formation on the Peace River in Twp.
100, Rge. 19W5 (Hathway et al., 2013). Zircons, dated by the U/Pb method indicate an
age of 108.038 ± 0.66 Ma for the bentonite, which occurs 5.5 m above the Loon River
T59 surface; the latter surface can be correlated southward with the basal surface of the
Harmon Member (in allostratigraphic terms) (Hathway et al., 2013; Buckley et al., 2016).
Therefore, the base of the Harmon Member must be marginally older than the dated
bentonite (Buckley et al., 2016).
Zonneveld et al., (2004) determined two approximate U/Pb ages from multiple
horizons of perovskite crystals, that originated from kimberlite eruption during deposition
of the Joli Fou Formation. The lower Joli Fou Formation is dated as approximately 103 ±
1.0 Ma, and the upper Joli Fou has an approximate age of 102.8 ± 0.8 Ma (Zonneveld et
al., 2004).

3.5 Extant Allostratigraphy
Rylaarsdam (2006) and Buckley (2011) divided the lithostratigraphic Harmon,
Cadotte, and Paddy members of the Peace River Formation into informal alloformations
or time-equivalent packages, based on an allostratigraphic scheme. Each alloformation is
composed of several allomembers, each bounded by regionally-traceable marine flooding
surfaces, or their lagoonal equivalents (Roca et al., 2008; Buckley and Plint, 2013;
Henderson et al., 2014; Buckley et al., 2016). Composite subaerial
unconformity/transgressive surfaces, first recording subaerial emergence and erosion
(“E”) followed by transgressive marine reworking (“T”), are the most common type of
surface recognized (Roca et al., 2008). Composite bounding surfaces in this study are
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designated “E”, as in Roca et al., (2008), with the leading letter specifying the applicable
alloformation (H-Harmon, C-Cadotte, P-Paddy, Pe-Pelican, J-Joli Fou, V-Viking), and
the numbers indicating successively higher/younger stratigraphic surfaces. Significant
bounding erosion surfaces named HE0, CE0 and PE0 formed at the base of the informal
Harmon, Cadotte and Paddy alloformations, respectively (Buckley and Plint, 2013). The
Harmon alloformation was divided into five allomembers (HA to HE), bounded by
flooding or transgressive surfaces. Likewise, the Cadotte alloformation was separated
into three mappable allomembers (CA-CC) (Buckley and Plint, 2013).
The Cadotte and Paddy alloformations were interpreted, on the basis of
foraminiferal evidence and physical erosion beneath the Paddy, to be separated by a
major unconformity, here designated surface PE0 (Leckie et al., 1990b; Roca et al.,
2008). This conclusion was supported by mapping of the Paddy alloformation, which
showed that successively younger Paddy allomembers onlap eastward onto the eroded
upper surface of the Cadotte Member (Rylaarsdam, 2006; Buckley and Plint, 2013;
Henderson et al., 2014). The unconformity separating the Cadotte and Paddy
alloformations represents progressively more time eastward (Roca et al., 2008; Buckley
and Plint, 2013). In addition, Leckie and Reinson (1993) and Leckie and Singh (1991)
observed Paddy-aged valleys incised into the Cadotte Member, and infilled with tidallyinfluenced estuarine sediments deposited during subsequent relative sea-level rise.
Rylaarsdam (2006) first established an allostratigraphic framework for the Paddy
Member, dividing it into nine regionally-mappable allomembers (named A-I). Buckley
and Plint (2013) correlated eight (B to I) of the nine Paddy allomembers to the north of
Rylaarsdam’s (2006) study (i.e., north of Township 73). The upward transition from more
strongly wedge-shaped lower allomembers (A, B, C, D, E, F), to nearly tabular upper
allomembers (G, H, I) was interpreted to indicate a decreasing rate of flexural tectonic
subsidence throughout deposition of the Paddy Member (Plint et al., 2012; Buckley and
Plint, 2013) (Fig. 3.3).

Figure 3.3. Summary dip cross-section oriented SW to NE from Buckley and Plint (2013). The lower
Paddy allomembers (PB to PF) progressively onlap (to the NE) onto the basal unconformity PE0,
suggesting deposition during active flexural subsidence. In contrast, upper Paddy allomembers (PG to
PI) are almost tabular, and the sheet-like geometry suggests more regional isostatic subsidence.
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The lower part of the Viking alloformation consists of allomembers VA and VB,
bounded by erosion surfaces VE0, VE1 and VE3 (Roca et al., 2008). Surface VE3 is both
a major regional subaerial unconformity and a major marine transgressive surface that is
traceable over a large part of the foredeep. In addition, surface VE3 forms the top of the
Peace River Formation (Buckley and Plint, 2013). Surfaces VE3 and VE4 define the base
and the top of the informal upper Viking alloformation (Roca et al., 2008). Upper Viking
strata between VE3 and VE4 are dominantly mudstone towards the north, but are locally
conglomeratic or sandy in west-central Alberta (Roca et al., 2008).

3.6 Difficulties in Correlating Upper Albian Strata
The stratigraphic relationship between the Peace River Formation in northwestern
Alberta and the Joli Fou and Viking formations in Central Alberta has been debated for
many years (Stelck, 1958; Workman, 1959; Oliver, 1960; Koke and Stelck, 1984; Stelck
and Koke, 1987; Reinson et al., 1994). For example, Stelck (1958) and Oliver (1960)
showed, on biostratigraphic and physical grounds, that the Harmon Member was older
than the Joli Fou Formation, whereas Workman (1959) argued that the Harmon Member
was correlative with the Joli Fou Formation. In addition, the Viking Formation was
shown, on biostratigraphic grounds, to be at least partially equivalent to the Paddy
Member (Stelck, 1958; Oliver, 1960; Koke and Stelck, 1984), although Workman (1959)
equated the Viking Formation with both the Paddy and Cadotte members (Fig. 3.4).
Oliver (1960) was the first to attempt subsurface correlations of the transition
between the Peace River Formation and the Joli Fou-Viking formations. In the northwest,
the Paddy-Cadotte-Harmon succession was identifiable whereas the Joli Fou-Viking
succession was present in the southeast. The transition between such different packages
of rock was described as “a problem in correlation that can only be resolved by assuming
the existence of a disconformity at the top of the Cadotte or by assuming pronounced
facies change” (Oliver, 1960) (Fig. 3.5). With additional support provided by
paleontological data (Wickenden, 1951; Stelck et al., 1956; Stelck, 1958), Oliver (1960)
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Figure 3.4. The dilemma of upper Albian correlation at the time of Oliver (1960).
The Viking Formation was shown to be at least partially equivalent to the Paddy
Member by Stelck (1958) and Oliver (1960), but Workman (1959) correlated the
Viking Formation with both the Paddy and Cadotte Members.
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Figure 3.5. Subsurface correlations from Oliver (1960), oriented NW-SE. Both figures
depict the same relationship: 1. truncation of the Cadotte Member; 2. onlap of the Joli
Fou mudstone (from east to west); 3. correlation of the top of the Viking Formation with
the top of the Paddy Member.
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interpreted an unconformity that truncated both the Cadotte and Harmon Members
towards the east, onto which there was progressive westward onlap of the Joli Fou
Formation.
More recently, several studies have attempted to resolve this problem within an
allostratigraphic framework (Roca et al., 2008; Buckley and Plint, 2013; Henderson et
al., 2014; Buckley et al., 2016) (Fig. 3.6).
Sandstone typical of the Paddy alloformation quickly disappears to the east, and is
replaced by a more mudstone-rich succession that characterizes the Joli Fou
alloformation (Buckley and Plint, 2013), as previously observed by Oliver (1960). Roca
et al., (2008) suggested that the Paddy alloformation, which thickens to the north and
west, is either completely or partially erosionally truncated by the basal transgressive
surface (surface JE0) of the Joli Fou Formation, which thickens south and east. These
observations implied that the Paddy alloformation was either entirely older than or
partially equivalent to the Joli Fou. Later, Henderson et al. (2014) correlated the basal
Paddy surface (PE0) in the west to the basal Joli Fou surface (JE0) in the east, and
surface VE3 formed the upper boundary of both the Joli Fou and Paddy alloformations.
The uppermost part of the Paddy alloformation was therefore interpreted to be equivalent
to at least part of the Joli Fou.
This thesis proposes a new resolution to the longstanding litho- and
allostratigraphic confusion surrounding the correlation of the Peace River Formation and
the Joli Fou and Pelican-Viking formations. Details are described in the subsequent
section.
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Figure 3.6. Summary cartoons representing the evolution of allo-lithostratigraphic
understanding of the relationship between Upper Albian Joli Fou, Pelican and Peace
River formations: a) Roca et al., (2008) proposed that the Paddy is erosionally truncated
by the Joli Fou alloformation. This implied that the Paddy is older (or partially
equivalent) to the Joli Fou; b) Henderson et al., (2014) correlated surface PE0 with JE0.
The Paddy was interpreted to be equivalent to at leastpart of the Joli Fou; c) the current
study found the upper Paddy is stratigraphically equivalent with the Pelican (and some of
the Viking to the south) alloformation.
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Chapter 4 Regional Allostratigraphy of the Peace River, Pelican, and Joli-Fou formations

4.1 The Allostratigraphic Approach
Allostratigraphy is a method for mapping stratified rocks through the correlation
of laterally traceable surfaces, which represent stratigraphic discontinuities that can be
interpreted to approximate time lines (NACSN, 1983). Lithological criteria are not used
to define allostratigraphic units, which makes it possible to overcome the geographical
limitations of lithostratigraphic correlation. Allostratigraphic units may form an
allogroup, alloformation and allomember, comparable to lithostratigraphic classification.
Marine flooding surfaces produced by transgressions form laterally traceable
regional discontinuities that define packages of rock. ‘Flooding surfaces’ (in offshore
areas) or ‘transgressive surfaces’ (if the shelf became subaerially exposed prior to
transgression), can be considered to represent geologically instantaneous events (Van
Wagoner et al., 1988). The correlation of these surfaces establishes an allostratigraphic
framework, which permits recognition of the stratal geometry of individual allomembers.
This in turn provides a means to interpret the main controls (i.e., subsidence or eustasy)
on accommodation.
The allostratigraphic scheme presented in this chapter is an extension of the
allostratigraphic frameworks developed by Buckley and Plint (2013) and Henderson et al.
(2014) for the Paddy, Cadotte and Harmon alloformations and by Roca et al. (2008) for
the Viking and Joli Fou alloformations. In this thesis, a newly-defined Pelican
alloformation is introduced.

4.2 Expanded Allostratigraphic Framework
Twelve summary cross-sections are presented in this chapter. They summarize the
‘working’ correlations and illustrate the overall stratigraphic relationships in the study
area. Six lines are oriented west to east and are labelled with numbers (e.g., 1 to 6) (Figs.
4.9 to 4.14). Six lines are oriented north to south and are labelled with upper case letters
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(e.g. A to F) (Figs. 4.15 to 4.20). The locations of summary cross-sections are shown in
Figure (4.1). Selected outcrop and core logs are included in the well-log cross-sections, to
illustrate the lithological expression of allomembers and their bounding surfaces. The top
of the Peace River and Pelican alloformations, the VE3 surface, was selected as the
datum for the cross-sections, following Roca et al. (2008), Buckley and Plint (2013) and
Henderson et al. (2014). The VE3 surface is easily recognizable, very extensive and was
probably planar and close to horizontal when it formed.
The correlation of the Paddy, Pelican and Joli Fou alloformations was based on
gamma ray and resistivity logs (Fig. 4.2). An average log spacing of three wells per
township permitted confident correlation of marine flooding between wells. A gamma ray
log measures the radioactivity of a rock, which is generated by the decay of naturallyoccurring uranium, thorium, and potassium (Gluyas and Swarbrick, 2004). A resistivity
log measures the resistance to the passage of electrical current within a rock, and is
primarily controlled by the fluids filling available pore space (Asquith and Krygowski,
2004). Gamma-ray and resistivity logs can be used qualitatively, to broadly identify
lithology (Asquith and Krygowski, 2004).

4.2.1 Stratigraphy of the Cadotte and Harmon alloformations
The Harmon alloformation forms a prominent wedge and consists of five
regionally- mappable allomembers (Buckley and Plint, 2013). In contrast, the Cadotte
alloformation has a relatively tabular geometry and comprises three stacked allomembers
(Buckley and Plint, 2013). The boundary between the offshore Harmon mudstone and
nearshore Cadotte sandstone is mostly sharp (Buckley et al., 2016). The entire HarmonCadotte package represents the middle Albian and is erosionally truncated towards the
east by erosion surface PE0. The PE0 surface cuts down to the east and truncates the
Cadotte and then the Harmon alloformation (Figs. 4.9 to 4.14).
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Figure 4.1. Map of summary cross-sections. Six lines are oriented north to south and are
labelled with upper case letters (e.g. A to F). Six lines are oriented west to east and are
labelled with numbers (e.g. 1 to 6).

Figure 4.2. A) representative well for the Peace River alloformation (Harmon, Cadotte and Paddy alloformations.).
Gamma-ray log shown on the left, and the resistivity log on the right; B) representative well for the Pelican and Joli Fou
alloformations. Gamma-ray log featured on the left, and the resistivity log on the right.
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The truncation of the Cadotte and Harmon alloformations by a bevellingunconformity, that formed the base of the Joli Fou alloformation, was first reported by
Oliver (1960). The present study has confirmed the nature of that relationship, and has
extended the mapping of the eroded remnants of the Harmon and Cadotte alloformations
over a large area.

4.2.2 Stratigraphy of the Joli Fou and Lower Paddy alloformations
The base of the Joli Fou is defined by transgressive surface JE0, that marks the
initiation of the Joli-Fou transgression during the early Late Albian. A transgressive lag
(< 5 cm thick) resting on JE0 is locally observed in cores and in outcrop along the
Athabasca River (Fig. 4.3). The top of the Joli Fou alloformation is at transgressive
surface VE0, which defines the base of the Pelican alloformation. The Joli Fou has a
sheet-like geometry and never exceeds 18 m in thickness in the study area. It can be
divided by two, regionally-mappable flooding surfaces, JE1 and JE1.1, that have a
remarkably parallel and consistent geometry. Only one internal surface (JE1) was
mapped throughout the study area and is discussed herein. The JE1 marker splits the Joli
Fou alloformation into two mud-dominated allomembers JA and JB (e.g. Figs. 4.18 to
4.20).
The entire Joli Fou alloformation onlaps to the west against a low-relief, NE-SW
trending topographic ridge, referred to here as the Smoky River Ridge (Figs. 4.9 to 4.14).
The lap-out limit of the Joli Fou is interpreted to approximate the contemporaneous
shoreline, and hence the Smoky River Ridge is inferred to have been subaerial at the time
of Joli Fou deposition. The Joli Fou log response does not become sandier towards the
western onlap limit, which suggests that little sediment, especially sand, was supplied
from that margin. The nature of the Joli Fou facies in the vicinity of the inferred shoreline
was not observable in outcrop or core.
During the early Late Albian, the Smoky River Ridge is inferred to have separated
the open marine Joli Fou depocentre in the east, from the lower Paddy depocentre in the
west. At that time, active flexural subsidence was concentrated in NW Alberta,
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Figure 4.3. Different expressions of surface JE0 in core (not observable in outcrop): a)
mm-scale sand-filled burrows, indicated by white arrows, above transgressive JE0
surface in core 7-36-79-21W4, (210.0 m); b) JE0 is mantled by a poorly sorted chert
pebble lag (highlighted with white dashed lines. Arrows point out chert pebbles) in core
13-29-82-21W4, (217.0 m); c) mm-scale sand-filled burrows (white arrows) above JE0 in
core 12-16-80-25W4, (204.0 m). Underlying Spirit River Formation is visible. Scale bar
is 5 cm. Legend is applicable to all stratigraphic logs.
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accommodating the wedge-shaped lower Paddy strata, comprising allomembers A to F,
previously mapped by Rylaarsdam (2006) and Buckley (2011). These rocks comprise an
array of facies including alluvial, lagoonal and shallow marine, becoming more marine
northward. Paddy allomembers A to F onlap the topographic ridge from west to east
(Buckley and Plint, 2013). Deposition of the lower Paddy is interpreted to have been
contemporaneous with deposition of the Joli Fou, because both were deposited close to
sea-level, and both lap out against opposite sides of the ridge.

4.2.3 Stratigraphy of the Paddy alloformation
The base of the Paddy alloformation is defined by an erosion surface, PE0,
interpreted to be a subaerial unconformity (Wickenden, 1951; Stelck and Koke, 1987;
Leckie and Singh, 1991; Buckley and Plint, 2013) (Figs. 4.4 to 4.5). Roca et al. (2008)
and Buckley and Plint (2013) demonstrated that Paddy strata progressively onlap
eastward onto PE0 and, therefore, the time gap between the Cadotte and Paddy members
becomes greater to the east. Where exposed along the Peace River and in the subsurface,
surface PE0 is typically a sharp, sand-on-sand contact that locally shows scours with
steep to overhanging walls, and is mantled with a veneer of medium to coarse-grained
quartzose sand. The top of the Paddy Member is defined by the VE3 surface (Fig. 4.6).
The Paddy Member is thickest in the western part of the study area, and thins over the
Smoky River Ridge.
This study extends the allostratigraphic scheme developed by Buckley and Plint
(2013). In the current study area, the three upper Paddy allomembers (G, H, I) are present
and do not lap out against PE0 (in contrast to the wedge-shaped lower Paddy
allomembers). The upper allomembers never collectively exceed 10 m, and cannot be
differentiated in the current study area, and in consequence, the Paddy alloformation is
mapped as one unit.
The upper Paddy alloformation, comprising undifferentiated allomembers PG, PH
and PI, has a broad sheet-like geometry, comparable to its expression in the western part
of the depocentre, and rarely exceeds 10 m thick. It thins gradually towards the east.
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Figure 4.4. Different expressions of surface PE0 at a) at Leckie Site 1, where PE0
contains 3 to 10 cm deep scours, that are locally filled with moderately sorted, wellrounded medium-grained quartzose sandstone; b) at Peace River Site 2A, PE0 is a sharp
sand-on-sand contact (with the underlying Cadotte alloformation), and is overlain by
carbonaceous sandstone from the Paddy. Scale bar is 20 cm.
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Figure 4.5. Different expressions of surface PE0: a) at Heart River Site 6, PE0 is a subtle
sand-on-sand contact, that overlain by heterolithic estuarine strata from the Paddy; b) in
core 15-10-84-17W5 (325.0 m), there is approximately 2 cm of relief on the PE0 surface,
which is overlain by a veneer of medium to coarse-grained, quartzose sandstone from the
Paddy.
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Figure 4.6. Different expressions of surface VE3 (selected datum) in outcrop: a)
Leckie Site 1, VE3 is indicated with a white dashed line, and is overlain by VE4,
molded into a quartzose granule lag (white arrows); b) at Peace River (PR) Site 2F,
surface VE3 is mantled by a 2-4 cm thick layer of coarse-grained quartzose sand,
molded into wave ripples (outlined by white dashed lines). Scale bar is 20 cm; c) at
PR Site 2E, wave rippled coarse to granular quartzose sandstone (outlined by white
dashed lines) occur on VE3. Pen for scale.
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Undifferentiated upper Paddy allomembers merge with Pelican allomembers Pe-A
and Pe-B, over the crest of the Smoky River Ridge, which trends approximately NE-SW
(Fig. 4.7). The Paddy and Pelican are undistinguishable on wireline logs and no core or
outcrop is available in this area (e.g. Figs. 4.9 to 4.14). Log correlations demonstrate that
the basal PE0 surface is correlative with surface JE0, which forms basal surface of the
Joli Fou alloformation (e.g. Figs. 4.9 to 4.14).

4.2.4 Stratigraphy of the Pelican and Viking alloformations
The base of the Pelican alloformation is defined by transgressive surface VE0,
which, to the south-west, is demonstrably correlative with the basal surface VE0 of the
Viking alloformation (Figs. 4.9 to 4.10). The strata of the Pelican alloformation can be
divided, by transgressive surfaces, into four regionally-mappable, sandier-upward
allomembers designated PeA to PeD. Each allomember is typically between 5 to 10 m in
thickness. Surface VE3 forms the top of the Pelican alloformation.
Allomembers PeA and PeB onlap and bury the Smoky River Ridge (interpreted to
have been exposed during ‘Joli Fou time’), and overstep the western limit of the Joli Fou,
to merge laterally with the upper allomembers of the Paddy alloformation (Figs. 4.9 to
4.14). Over the ridge crest, individual Pelican allomembers cannot be differentiated.
Allomember PeA downlaps both to the south (Figs. 4.18 to 4.20) and east (Figs. 4.9 to
4.13), onto surface VE0. Allomembers PeC and PeD progressively toplap towards the
west, against the VE3 surface (Figs. 4.9 to 4.14). Allomember PeD also toplaps towards
the south, against the VE3 surface (Figs. 4.17 to 4.20).
Transgressive surface VE1 within the Viking alloformation (Roca et al., 2008)
can be traced northward into the Pelican, where it forms the boundary between Pelican
allomembers PeB and PeC (Figs. 4.17 to 4.20). Because the Viking VE0, VE1 and VE3
surfaces can be traced to correlative surfaces in the Pelican alloformation, it can be
shown that the Pelican alloformation is stratigraphically equivalent to the lower Viking
alloformation. Viking allomember VA (Roca et al., 2008), is equivalent to Pelican
allomembers PeA and PeB, whereas Viking allomember VB is equivalent to Pelican

Figure 4.7. The nature of the Paddy-Pelican transition in the subsurface. The upper Paddy allomembers are
indistinguishable, and pass laterally into similarly indistinguishable Pelican strata. Also, note progressive truncation of the
Cadotte and Harmon alloformations from west to east.
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allomembers PeC and PeD. The Upper Viking alloformation, comprising allomember
VD, is equivalent in the present study area to a thin package of mudstone-dominated
strata between surfaces VE3 and VE4. These stratigraphical relationships between the
Pelican and Viking strata have never hitherto been demonstrated. Regional mapping
shows that, although the lower Viking and Pelican strata are stratigraphically equivalent,
they occupy in discrete depocentres, separated by a NW-SE elongate region of thinning
(Fig. 4.17).

4.2.5 Stratigraphy of Viking allomember D
Viking allomember D (VD) occurs above the Paddy Member and is strongly
wedge shaped (Buckley and Plint, 2013). In this study, VD thins and is eventually
completely truncated towards the east and north, marked by the merger of surfaces VE3
and VE4 (Figs. 4.9 to 4.10).
The VE4 surface marks the top of Viking allomember D (Roca et al., 2008). In
the north-western part of the basin, the VE4 surface is a subtle marine flooding surface,
whereas to the south, the VE4 surface is commonly overlain by a pebble lag (Roca et al.,
2008). At sections in the vicinity of Peace River town, such as Leckie Site 1, Heart River
Site 6 and 7, Peace River Site 2D and 2A, the VE4 surface is mantled by a 10 cm or
more, layer of coarse- to granular sandstone molded into large-scale wave ripples (Fig.
4.8).
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Figure 4.8. Different expressions of surface VE4 in outcrop: a) at Leckie Site 1, VE4 is at
the base of the first coarse granular sandstone wave-ripple, outlined by the white dashed
line; b) at Heart River Site 7, VE4 is overlain by wave-rippled coarse-grained quartzose
sandstone (outlined by white dashed lines), which is subsequently overlain by the marine
mudstone of the Shaftesbury Formation. Scale bar is 20 cm.
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Chapter 5 Sedimentary Facies and Depositional Environments
5.1 Introduction
A facies is a body of rock with specified characteristics that reflect certain conditions of
sedimentation, depositional process or environment under which it was formed (Reading
and Levell, 1996). Describing a sedimentary facies involves noting all of the
characteristics of its lithology, texture, sedimentary structures, type and degree of
burrowing and fossil content (Nichols, 2009). By linking a particular facies to specific
conditions of formation, sedimentologists can make broad inferences about the
environment in which it was deposited.
The facies of the Joli Fou, Pelican and Paddy alloformations, respectively, will be
considered separately because each alloformation represents a suite of distinct
depositional settings. Broadly-speaking, the three alloformations represent deposition in
open marine, fluvio-deltaic, and estuarine settings, respectively. The Joli Fou and Pelican
alloformations were studied at three exposures on the Athabasca River (Figs. 5.1, 5.2,
5.2-5.6). The Paddy alloformation was examined at eighteen exposures on the Peace and
Heart rivers (Figs. 5.3, 5.43).

5.2 Facies of the Joli Fou and Pelican alloformations
Facies 1: Mudstone to sand-bearing mudstone
This facies is characterized by a continuum of clay-dominated to silt-dominated,
sand-bearing lithologies. Facies 1 ranges in thickness from 3 m to up to 20 m. The
stratification ranges from well-stratified to moderately bioturbated.
The clay-dominated component of the facies consists of dark grey, waxy
claystone that ranges in thickness from 3 m to 8 m. Clean claystone typically grades over
1-3 m into silt-rich claystone, containing mm-scale wave-ripples and gutter-casts filled
with very fine-grained quartzose sandstone (Figs. 5.7 to 5.9). Bored, reworked phosphate
pebbles occur on multiple horizons, and often coincide with sandstone-filled
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Figure 5.1. Map showing outcrop locations along the Athabasca River.
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Figure 5.2. Outcrop cross-section, oriented north to
south, along the Athabasca River. Joli Fou and
Pelican facies are labelled along stratigraphic log
margins. Red bars (indicated in the legend) mark
facies boundaries. Legend is applicable to all
stratigraphic logs.

61

Figure 5.3. Map of the Peace and Heart river outcrop sites (modified after Leckie and
Singh (1991).

Figure 5.4. Overview of Athabasca Site A, with
the nearest well-log (~10 km apart). Facies are
numbered along the stratigraphic log margin.
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Figure 5.5. Overview of Athabasca Site B, with
the nearest well log. Outcrop section shows
Pelican allomembers PeC and PeD. Pelican
facies are numbered along the log margin.
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Figure 5.6. a) Overview of Athabasca Site C, with
accompanying stratigraphic log (with numbered Pelican
facies) and nearest well log; b) overview of the sanddominated facies from the Pelican alloformation.
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Figure 5.7. Facies 1 from Joli Fou mudstone, sampled in core 13-29-82-21W4 (217.0 to
228.51 m): a) fine sandstone filled burrows, at or near basal JE0 surface (228.51 m); b)
dark, silt-free mudstone (226.0 m); c) gradual appearance of sub-mm very-fine sandfilled burrows (indicated by arrows), below the JE1 surface (not pictured in this photo)
(225.0 m); d) the JE1 surface occurs at the top of the 20-cm horizon of mm-scale
sandstone burrow fills (indicated by an arrow) (on the flooding surface) (224.5 m).
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Figure 5.8. Facies 1 from Joli Fou mudstone sampled in core 12-16-80-25W4 (206.0 to
211.6 m): a) burrowed and irregular basal JE0 surface, with underlying Spirit River Fm.
Arrows indicate cm-scale sandstone burrow fills above the JE0 surface (209.6 m); b)
Poorly sorted lag, ~ 20 cm above JE0 (possibly corresponding to a JE1.1 marker)
consisting of a fine-grained sand matrix with chert pebbles (up to 2 cm. indicated by
arrows) and scattered medium-coarse grained quartzose sandstone. Lag gradually fines
upwards, into weakly bioturbated mudstone (209.8 m); c) moderately bioturbated
mudstone with sandstone-filled burrows, indicated by arrows (208.0 m); d) image is part
of a higher part of the core, where sandstone filled burrows are less common (207.0 m).
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Figure 5.9. Facies 1 from Joli Fou mudstone sampled in core 11-33-78-1W5 (282.5 to
294.55 m): a) siltstone to very fine lower (VFL) sandstone, with mm- to cm-scale ripples
(indicated by dashed white line), graded bedding and synaeresis cracks (red arrows)
(292.0 m); b) continuation of same type of structures as in a), note synaeresis cracks (red
arrows) and truncation of silt-ripples at the JE1.1 surface (white arrow) (291.0 m); c)
more mud-dominated with mm-scale sand (VFL) ripples and compacted sand-filled
burrows (possibly ?Planolites, indicated by white arrows) (290.0 m); d) poorly sorted
pebble bed, which corresponds to surface JE1. It consists of 1-2 cm chert pebbles, a finegrained sand matrix, small charcoal pieces and lacks clear bedding due to intense
bioturbation. Sandstone filled burrows are indicated with white arrows (289.0 m); e) JE1
surface corresponds to the top of a poorly sorted pebble bed. This sharply transitions to
another 20 cm poorly sorted, chert pebble bed (287.0 m); f) dark, mudstone with no
evidence of bioturbation. Minor sub-mm lenticular sandstone starved ripples (indicated
by white arrow) (286.0 m).
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gutter casts (Fig. 5.10). Bioturbation intensity (BI) is weak to moderate (BI: 2-4) if
present, and generally coincides with increasing silt content. Bioturbation Index = BI,
where BI: 0 = no bioturbation, BI: 3 = moderate bioturbation and BI: 6 = complete
bioturbation and homogenization of sediment (Bann et al., 2008). Burrows are usually
small (cm-scale), simple vertical structures commonly filled with fine to medium-grained
sandstone (Fig. 5.9).
The stratified component of the facies consists of mm to cm-scale, sharp-based
beds of very fine-grained sandstone, interstratified with claystone. Thicker sandstone
beds are commonly wave-rippled or show fine parallel lamination. Gutter casts (cmscale) composed of very fine-grained sandstone are locally abundant. The stratified facies
generally coarsens upwards, over 3 to 8 m, and becomes increasingly sand-rich. Scattered
in-situ phosphate nodules occur on multiple horizons. The intensity of bioturbation
generally increases upward through a sandier-upward succession (BI: 2-4).
The bioturbated component of the facies is primarily observed in core (outcrop is
too weathered to see small-scale detail), and has a variable ratio of clay:silt:sand. The
bioturbation ranges from low to moderate intensity and is dominated by abundant, lowdiversity Planolites, Phycosiphon (Cruziana ichnofacies) and rare Skolithos (Figs. 5.13 to
5.12). The bioturbated facies are generally organized into 30 cm to 8 m scale sandierupward successions.
Pockets of disarticulated ?Gnesioceramus shell debris are randomly concentrated
in relatively silt and sand-free horizons, and are common within 2 m of the basal Joli Fou
surface JE0 (Fig. 5.12).
Facies 1 comprises the entire Joli Fou alloformation (Figs. 5.13 to 5.14). In
general, the lowest part of the Joli Fou alloformation is sandier and contains ripples,
synaeresis cracks and little obvious bioturbation.
Interpretation
The fine-grain size suggests deposition in a generally low energy marine
environment, relatively far from the shoreline. Preservation of sharp-based beds of wave-
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Figure 5.10. Examples of bored, phosphatic pebbles (4-8 cm) from facies 1. The
borings are probably Gastrochaenolites. Pebbles were collected from the Pelican
alloformation (Athabasca Site A). Stratigraphic log of outcrop section included,
with facies labelled along the log margin. Stratigraphic location of pebbles is
indicated with a red arrow: a) overview of bored pebble: borings that are circular in
transverse section, and flask-shaped in longitudinal view (red arrow). Only the
bases of many borings are preserved in the pebbles, implying that the latter had
undergone severe abrasion after they were bored; b) pebble cross-section displaying
a tubular boring (red); c) pebble cross-section containing borings with circular
(black) and tear-drop (red) (narrow aperture to enlarged, rounded base) shape crosssectional form; d) bored pebble highlighting variety of boring shapes: ranging from
mm (black)- to cm (red)-size; e) abraded and bored coprolites from Tapanila et al.,
(2004); f) cross-section of coproplite with a flask-shaped boring, from Tapanila et
al. (2004); g) bivalve boring Gastrochaenolites and flask-shaped cast of the boring
from Zatoń et al. (2011).
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Figure 5.11. Facies 1: detailed photos of various biogenic structures from Joli Fou
mudstone, sampled in core 13-29-82-21W4 (217.0 to 228.51 m): a) small, 2-4 cm
sand filled Skolithos (indicated by white arrows). Phycosiphon (mm-sized)
indicated by red arrows (223.0 m); b) abundant mm-sized Phycosiphon (red
arrows), which seem to correspond with more sand-dominated horizons (221.0
m); c) mm to cm-scale compacted, sand-filled Planolites (white arrows).
Sandstone-filled burrows are less common in the higher part of the core (red
arrow) (219.0 m); d) homogenized sandy-mudstone with simple vertical and
horizontal burrows (?Planolites) (white arrows) (218.0 m).

Figure 5.12. Facies 1 from Joli Fou mudstone, sampled in core
7-36-79-21W4 (210.0 to 217.0 m), with accompanying well
log: a) 4 cm thick poorly sorted conglomerate (highlighted with
white arrows) rests on the JE0 surface. It consists of 1-2 cm
chert pebbles scattered throughout, with a muddy fine-grained
sand matrix (216.0 m); b) moderately bioturbated silty
mudstone, with sand-filled burrows (arrowed) (213.0 m); c) 10
cm horizon with ?Gnesioceramus shell debris (arrowed) (210.0
m).
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Figure 5.13. Overview of the Joli Fou mudstone sampled in core 11-33-78-1W5 (284.0 to 294.55 m). The contact
between underlying Spirit River Fm. and the Joli Fou is missing. Surface JE1.1 corresponds to the top of a 60 cm
thick silt-dominated unit, that contains mm- to cm-scale ripples and synaeresis cracks (Fig. 5.10 – detailed photo).
Surface JE1 corresponds to the top of a 20 cm thick, poorly sorted pebble bed that contains 1-2 cm chert pebbles
and sand-filled burrows (Fig. 5.10 – detailed photo).
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Figure 5.14. Overview of Facies 1 from the Joli Fou, sampled in core 7-36-79-21W4
(210.0 to 217.0 m), with accompanying stratigraphic and well logs. Surface JE1 occurs at
the top of a 2 cm normally graded, very fine-grained sandstone bed (labelled in photo).
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rippled fine-grained sandstone and gutter casts, suggests deposition from decelerating
storm-generated flows above storm wave base, at a relatively shallow water depth
(Schieber, 1994).
The multiple m-scale sandier-up successions in this facies probably reflect
repeated transgressive-regressive events, possibly attributable to either minor changes in
sea level, or to changes in the rate of sediment supply (e.g. Plint, 2010).
The presence of multiple horizons of rounded, bored phosphatic pebbles indicate
periods of sea-floor erosion, when early-diagenetic phosphate nodules were exhumed on
the sea-floor, where they were attacked by boring organisms. The presence of borings on
all sides of the pebbles, and their lack of preferred orientation suggests that the pebbles
were repeatedly rolled on the seabed (e.g. Kennedy and Garrison, 1975; Tapanila et al.,
2004). The flask-shaped excavations are most similar in form to bivalve borings assigned
to the ichnogenus Gastrochaenolites, as described by Tapanila et al. (2004) from
Cretaceous re-worked phosphatic coprolites and bone. Other examples of reworked
nodules from the middle Jurassic of Poland are dominated by Gastrochaenolites and
encrusting bivalves, and provide evidence of shallowing, sea-floor erosion and a period
of low sedimentation rate (Zatoń et al., 2011). Nodular phosphates are common at hiatus
surfaces (‘hiatus concretions’), and indicate gaps in stratigraphic successions (MarshallNeill and Ruffell, 2004).
Overall, facies 1 probably represents deposition in a relatively shallow marine
environment where the sea floor lay above storm wave base, where storms are recorded
by thin, graded and rippled silt- and very fine sandstone beds. Cycles of relative sealevel change are recorded by stacked, upward-coarsening 3-8 m scale successions, the top
surfaces of which may bear a coarser-grained lag (either anomalously coarse-grained
sand, or reworked phosphate pebbles), indicative of significant shallowing, winnowing,
and sea-floor erosion.
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Facies 2: Sandstone with mud drapes
Facies 2 consists of very fine- to fine-grained sandstone punctuated by mm- to
few cm-scale mudstone beds. This facies forms units up to 10 m in thickness. Sandstone
beds commonly display unidirectional dm-scale trough and tabular cross-bedding (Fig.
5.15). Symmetrical ripples often cap cross-bedded beds of sandstone. Sandstone beds are
laterally continuous across an outcrop section (> 5 m), and commonly are separated by
similarly continuous, non-rhythmical mudstone beds (Figs. 5.15 to 5.17). Some mudstone
interbeds are very clay-rich. Mud beds are typically 3-10 cm thick and often drape
current and/or wave ripples (Fig. 5.15). Sometimes mud drapes are very thin (mm-scale)
and appear more flaser-like (e.g. Dalrymple, 2010).
Facies 2 always has a sharp and subtly irregular basal contact with the mudstonedominated facies 1. Phosphate clasts are locally scattered along the scoured base at
Athabasca Site-C. Mudstone drapes gradually diminish in abundance up-section, as facies
2 grades into the trough cross-bedded sandstone of overlying facies 3.
Bioturbation (BI: 1-2) and trace fossils are common in the clay-rich, mudstone
interbeds (but are rare in the sandstone). Diplocraterion, Planolites Skolithos and
Thalassinoides are concentrated in the muddy interbeds (Figs. 5.17 to 5.18).
Interpretation
The unidirectional cross-bedded sandstone at the base of facies 2, suggests a
strong current-influence, probably of fluvial origin. Sharp-based trough cross-bedded
sandstone beds are commonly capped by wave or current ripples, overlain by a mudstone
drape. This vertical succession, with an upward decrease in grain-size and upward change
from dune- to ripple-scale cross-stratification, indicates deposition from a waning flow.
Facies 2 consistently has a sharp, scoured base which implies that deposition
probably took place within a channel. The combination of sedimentary structures and
stratigraphic position suggests deposition within a distributary channel, in the upper part
of a prograding, river-dominated deltaic succession. Cross-bedded sandstone beds
probably represent deposition when the river was in flood stage. The presence of wave-
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Figure 5.15. Facies 2 at Athabasca Site C: a) cross-bedded (outlined with white lines) and
wave-rippled fine-grained sandstone with mud drapes (arrows); b) Laterally continuous
mud drapes (labelled with the letter ‘M’), interbedded with dm-cross-sets of tabular
cross-bedded sandstone; c) detailed photo of b). dm-scale mudstone interbeds are
indicated with the letter ‘M’. Examples of burrows penetrating the underlying sandstone
(from mudstone interbeds) are marked with arrows. Scale bar is 20 cm.
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Figure 5.16. Facies 2 from Athabasca Site B, with accompanying stratigraphic log. Facies
are labelled with coloured bars along the stratigraphic log margin: a) the sharp base of
facies 2, overlies the mudstone-dominated facies 1 (indicated with dashed line). Arrows
indicate examples of wave-ripples with overlying thin mudstone drapes; b) examples of
burrowed mudstone beds (arrows) with sandstone-filled burrows, interbedded with dmscale sandstone packages. Note lateral continuity of mudstone beds. Scale bar is 20 cm.
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Figure 5.17. Facies 2 at Athabasca Site C, with accompanying stratigraphic log.
Facies are labelled with coloured bars along the stratigraphic log margin: a)
overview of facies 2 at Athabasca Site C. The erosional surface interpreted to
separated allomembers PeC and PeD is labelled with a dashed line. Author for scale;
b) Mud-filled Diplocraterion (arrow) descend from a sharp erosional surface
(dashed line) that is interpreted to mark the top of Pelican allomember Pe-C; c) a
second mud-filled Diplocraterion (white arrow) horizon, within Pelican allomember
Pe-D. Diplocraterion descending from the interpreted top of Pelican allomember
Pe-C (dashed line) are indicated with red arrows. Scale bar is 20 cm.
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Figure 5.18. Facies 2 at Athabasca Site B, with accompanying stratigraphic log. Facies
are labelled with coloured bars along the stratigraphic log margin: a) heterolithic
mudstone interbeds with different scales (mostly mm-scale) of sand-filled Planolites
(white arrows). Wave-rippled sandstone with a mm-thick mudstone drape is indicated at
the top of the photo (red arrows); b) black homogenous claystone interbed, containing
cm-scale sand-filled burrows, possibly Thalassinoides (white arrows. White dashed line,
outlines a single ~ 4 cm long, vertical burrow). Scale bar is 20 cm.
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rippled tops on some sandstone beds suggests post-flood, wave-reworking in the more
distal parts of distributaries, followed by deposition of a mud drape at low flow stage.
Olariu and Bhattacharya (2006) describe unidirectional trough cross-bedded sandstone
filling shallow, channelized features and interpret the facies as the fill of terminal
distributary channels on a delta front. The similarity of structure and stratigraphic
position suggest that Pelican facies 2 may be interpreted in a similar way.
In the context of a deltaic setting, the interstratification of sandstone and
mudstone imply that current strength fluctuated over relatively short time intervals. In
deltas, mud layers are typically deposited seasonally in distributary channels, resulting in
irregular upward-coarsening successions (e.g. Bhattacharya and Walker, 1991). After
flooding, black homogenous claystone interbeds may have been rapidly deposited as fluid
mud, with limited post-flood burrowing due to inhospitable substrate or salinity
conditions. The alternation of burrowed and un-burrowed beds is commonly related to
seasonal variations in fluvial discharge (Gugliotta et al., 2015). Fauna repopulate and
burrow the substrate as fluvial discharge decreases and brackish-water conditions are reestablished (Sisulak and Dashtgard, 2012).

Facies 3: Trough cross-bedded sandstone
Facies 3 comprises clean, fine- to medium-grained sandstone with dm-scale (up to
70 cm) trough and tabular cross-bedding. Depending on locality, cross-bedding may be
dominantly unidirectional, or show a strongly bi-directional pattern (Figs. 5.19 to 5.20).
Limited paleocurrent measurements show flow directed mostly to the SE and East. Facies
3 occurs in intervals up to 12 m thick. Sandstone is quartz rich (98%) and the grains are
well-rounded. Locally, mud-intraclasts are concentrated on the toes of a few cross-sets at
Athabasca Site-C (Fig. 5.20). The heterolithic sands of facies 2 typically grade upward
into facies 3, with the disappearance of mud drapes. Facies 3 does not display a
consistent coarsening- or fining –upward trend. The top of facies 3 is always sharp,
defined by the unconformable VE3 surface. Units of facies 3 have a tabular geometry on
the scale of the exposures (tens to > 100 m).
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Figure 5.19. Facies 3 at Athabasca Site B, with accompanying stratigraphic log. Facies
are labelled with coloured bars along the stratigraphic log margin: a) detailed photo of a
single 70 cm thick, trough cross-set of fine-grained sandstone; b) overview of facies 3,
displaying multiple stacked (dm-scale) sets of bidirectional trough to tabular crossbedded, fine-grained sandstone. White vertical lines outline single cross-sets. Dashed
lines highlight examples of individual laminae within cross-sets, emphasizing the
bidirectional nature of the bedding. Scale bar is 20 cm.
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Figure 5.20. Facies 3 at Athabasca Site C, with accompanying stratigraphic log. Facies
are labelled with coloured bars along the stratigraphic log margin: a) overview of facies 3
at Athabasca Site C. Consists of stacked cross-sets of bidirectional tabular and trough
cross-bedded sandstone. Note composite subaerial unconformity and flooding surface
VE3, overlain by marine mudstone of the Westgate Formation; b) detailed photo of
trough cross-bedding with layers of mud clasts lying on the toes of cross-laminae
(indicated by white arrows). An example of an individual cross-set is indicated with
white lines. Examples of individual trough and tabular laminae are highlighted with white
dashed lines. Author for scale.
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Facies 3 generally lacks trace fossils, although in the upper 50 cm at site
Athabasca-C, sandstone gradually becomes homogenized with weak bioturbation (BI: 12) and sandstone-filled Thalassinoides are recognizable.
Interpretation
The clean quartzose sandstone and dm-scale cross-bedding suggests deposition
from relatively high-velocity flows (Dalrymple, 2010). The bidirectional cross-bedding is
indicative of periodically reversing flows, and suggests a tidal influence (Dalrymple and
Choi, 2007). Mud chips locally concentrated on some cross-sets are suggestive of
reworked mud drapes that were probably deposited during a tidal slack-water period
(Sisulak and Dashtgard, 2012).
Facies 3 is stratigraphically higher than facies 2, and preserves little, if any,
mudstone. Therefore, facies 3 probably represents more shallow-water deposition
compared to facies 2, probably within a distributary channel that was tidally-influenced
to some extent. The low intensity of bioturbation also suggests rapid physical reworking,
an increased rate of sediment deposition and low salinity, typical of a deltaic distributary
channel (Bhattacharya and MacEachern, 2009; Jablonski and Dalrymple, 2016).
Atypical grain-size trends are the most important difference between terminal
distributary channels and classical fluvial channels, because the latter generally display
upward-fining trends (Martini and Sandrelli, 2015). Facies 3 displays no overall
coarsening or fining trend; fine- to medium-grained sandstone is randomly interbedded
throughout. The absence of any grain-size trends are common in terminal distributary
channels (Martini and Sandrelli, 2015).
Ancient distributary channel successions often comprise a mud-dominated base,
containing thinly bedded heterolithics with weak wave-influenced structures (similar to
facies 2), that grade into more thickly-bedded, tabular sandstone-dominated heterolithics
and cross-bedded sandstones (e.g. Martinius and Gowland, 2011)
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Facies 4: Swaley and hummocky cross-stratified sandstone
Facies 4 was not seen during fieldwork by the author, but was described from
outcrop sections by Hay et al. (2012) (Fig. 5.21). It apparently forms a minor component
of the sandstone-dominated facies of the Pelican alloformation. Units of facies 4 ranges
in thickness from 2-7 m and are characterized by swaley cross-stratified (SCS) sandstone
with rare wave ripples, which sharply overlie interbedded mudstone and sandstone
(presumably of facies 2). SCS sometimes grades (over 1 m) into poorly defined
hummocky cross-stratification (HCS), in the upper half of the unit (Fig. 5.21). Rare,
discontinuous thin beds of mudstone are interspersed throughout. Simple flaser bedding
is common at the Stony Rapids section (Hay et al., 2012). Minor bioturbation,
comprising simple vertical structures, is concentrated in mud-free horizons.
Interpretation
Swaley cross-stratification is thought to form under oscillatory-dominant flows
and is characteristic of storm wave-influenced environments (Leckie and Walker, 1982;
Plint, 2010). Facies 4 appears to be only a minor component of the Pelican alloformation.
The local presence of SCS suggests that, although fluvially-dominated (with some tidal
influence), parts of the delta-front were reworked by storm waves. It is possible that
wave-formed structures were routinely reworked by fluvial processes within migrating
distributary channels, making wave-formed structures a relatively rare component of the
preserved sedimentary succession (e.g. Olariu and Bhattacharya, 2006).

5.3 Facies of the Paddy alloformation
Facies 5: Parallel-laminated to swaley cross-stratified sandstone
In the Paddy alloformation, facies 5 is confined to the uppermost part of the unit,
and comprises two similar sandstone units: a lower weakly bioturbated unit and an upper
swaley cross-stratified unit. The lower, weakly bioturbated unit consists of chert-rich (515%) fine-grained sandstone, that forms units up to 3 m thick. It is characterized by weak
horizontal to low-angle inclined bedding, forming 20-30 cm thick beds (Fig. 5.22).
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Figure 5.21. Overview of Facies 4. Stratigraphic information modified from Hay et al.,
2012. Measured stratigraphic sections at Stony Rapids and Pelican Cliffs, with
accompanying outcrop locality map (outcrops labelled in green). Facies 4 (swaley crossstratified sandstone), is labelled on accompanying stratigraphic logs.
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Figure 5.22. The lower bioturbated unit of Facies 5, at Site PR 2J: a) Facies 5 sharply
overlies a horizon (dashed black line) of mud-filled burrows (indicated by black arrows),
which overlie cross-bedded quartzose sandstone of facies 9; b) overview photo of a),
showing low-angle truncating surfaces (examples highlighted in white) from facies 5,
overlying the mud-filled burrows (black) at the base of facies 5; c) small, cm-sized mudlined Ophiomorpha, indicated with black arrows. Scale bar is 20 cm.
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Woody detritus and cm-scale carbonaceous mudstone drapes are common at more
southern outcrop sites including Peace River (PR) 2K, 2G and Heart River Site 7 (Fig.
5.43). The bioturbation intensity ranges from low to moderate (BI: 2-3). Ophiomorpha
and Skolithos are locally abundant (Figs. 5.23 to 5.24). The base of the lower, more
weakly-bioturbated unit is sharp and locally mantled by a very thin medium-grained
quartzose sandstone lag, or the basal contact is moderately burrowed, such as at PR Site
2J (Fig. 5.43).
The swaley cross-stratified sandstone in the upper unit sharply overlies the
bioturbated unit and ranges in thickness from 1.5 to 3 m thick. The upper unit is
characterized by moderately well-sorted, chert-rich (up to 20% at some localities: PR
2A), very fine- to fine-grained sandstone. The primary sedimentary structure is parallel to
low-angle stratification, with weakly developed SCS (PR Site 2J, 2M, 2L) (Fig. 5.25).
The base is commonly marked by a 5-20 cm thick lag of very-well rounded, trough crossbedded, granular quartzose sandstone (Figs. 5.25 to 5.26). No bioturbation or burrows
were observed in the upper unit. The upper unit of facies 5 is locally characterized by
fine- to coarse-grained, chert-rich sandstone with trough to tabular cross-bedding (up to
60 cm thick) at Leckie Site 1A and 1B. The base of facies 5 at Leckie Site 1B has vertical
sided scours, where coarse sand grains are concentrated.
The upper swaley cross-stratified unit of facies 5 always occurs at the top of the
Paddy alloformation, below the VE3 surface. Locally, the composite VE3 surface is
mantled by a wave-reworked 5-30 cm lag of medium grained to granular quartzose
sandstone (Fig. 5.26).
Overall, facies 5 has a tabular geometry and can be traced as a continuous sheet
for 10 km between Heart River site 7 and Peace River site 5 (Fig. 5.43).
Interpretation
The predominance of clean, well-sorted sandstone with abundant parallel to lowangle stratification and SCS suggests deposition in a high-energy, wave-dominated
shoreface (e.g. Walker and Plint, 1992; Johnson and Baldwin, 1998). SCS becomes a less
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Figure 5.23. Detailed photos of the lower bioturbated unit of Facies 5 at Site PR 2J: a)
multiple mm-sized, sand-filled Skolithos (white arrows); b) mud-filled Ophiomorpha
(white arrow) Scale bar is 20 cm.
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Figure 5.24. Lower bioturbated unit from Facies 5, at Heart River Site 7: a) overview of
facies 5 at Heart River Site 7. White arrows indicate Skolithos; b) detailed photo of a)
with common Skolithos (up to 30 cm long) (white arrows). Scale bar is 20 cm.
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Figure 5.25. Facies 5, as seen at Site PR 2J: a) overview of upper and lower units of
facies 5. Broken white line demarcates the burrowed base of the lower bioturbated unit of
facies 5 (and underlying trough cross-bedded sandstone of facies 9). White arrow
indicates base of the upper unit of facies 5; b) detailed photo of basal quartzose sandstone
lag (dashed white line), mantling the base of the upper SCS-dominated unit of facies 5.
Examples of low-angle stratification are indicated with white lines; c) upper contact
between basal quartzose sandstone lag (indicated by white dashed line) and overlying
SCS sandstone of the upper unit of facies 5. Examples of low-angle SCS laminae are
outlined. Scale bar is 20 cm.

Figure 5.26. Overview of facies 5 at PR Site 2L (Fig. 5.4). Resistant, trough crossbedded and coarse-grained quartzose sandstone lag at the base of facies 5
(underlined with white dashed line). This is overlain by low-angle stratified to
swaley cross-stratified sandstone. Scale bar is 20 cm.
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stable bedform in coarser-grained sands, and in consequence, cross bedding is commonly
found in medium-grained sandstones within the upper shoreface (Nichols, 2009). The
carbonaceous mudstone drapes present in the lower unit of facies 5 may have been
deposited during periods of lower wave energy, and may indicate proximity to a river
mouth that supplied plant debris (Nichols, 2009).
The granular sandstone lag which occurs at the base of facies 5, separates
underlying estuarine, tidally-influenced strata from overlying swaley cross-stratified
sandstone, the latter indicating deposition in a more open marine, strongly waveinfluenced environment. The granular sandstone lags at the base, and in the middle of the
unit probably represent transgressive lags (e.g. Swift, 1968; Shanley et al., 1992; Prave et
al., 1996). Detailed correlation of outcrop sections (Fig. 5.43) shows that the two
transgressive-regressive successions, that represent stacked progradational sandy
shorefaces, can be mapped across the outcrop study area.
The occurrence of Skolithos ichnofauna in the lower unit of facies 5 suggests a
high-energy depositional environment with increased wave and current energy; this
ichnofacies generally develops in well-sorted, shifting sands typical of a shoreface
environment (MacEachern et al., 2010; Howard and Frey, 1983). Conversely, the absence
of trace fossils from the upper unit indicates that the rate of physical reworking exceeded
the rate at which organisms could burrow (MacEachern et al., 2010). The lower unit of
facies 5, with more abundant bioturbation, may represent a somewhat lower-energy
setting.
Facies 5 is stratigraphically equivalent to a wave-influenced strandplain
dominated by SCS and HCS, towards the west (Buckley and Plint, 2013) (Fig. 5.43). The
thickness and stratigraphic position of facies 5 suggest that it forms the local expression
of Paddy allomember I (Buckley and Plint, 2013).
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Facies 6: Weakly bioturbated sandstone with mudstone partings
Units of facies 6 range from 1 to 3 m thick. Facies 6 comprises fine-grained
sandstone, interbedded on a mm- to cm-scale with carbonaceous mudstone. Sandstone
beds are typically horizontal and approximately 10 cm thick. Individual beds of
sandstone are commonly ripple cross-laminated to wave-rippled. Mudstone interbeds
form mostly continuous wavy layers that separate sandstone beds and fill ripple troughs
(Figs. 5.27 to 5.28). Mudstone beds range in thickness from 5 to 10 cm.
Facies 6 is always sharp-based and typically overlies trough cross-bedded
sandstone of facies 9. At PR Site 2E, facies 6 sharply overlies a dark brown-stained
Glossifungites surface, which is penetrated by mud- and sand-filled burrows. Overall,
units of facies 6 have a lenticular geometry (Fig. 5.43), and correlation between various
sites at Peace River locality 2 shows that facies 6 is truncated to the south at PR site 2G,
and pinches out to the north at PR site 2J.
Facies 6 displays variable bioturbation (BI: 3-6). The mudstone interbeds are most
often moderately bioturbated. Locally, Ophiomorpha and Thalassinoides are initiated in
mudstone beds and extend down into underlying sandstone beds. (Figs. 5.29 to 5.28).
Interpretation
The variety of current and wave-formed sedimentary structures in facies 6 implies
a mixture of genetic processes. The alternation of rippled sandstone beds and wavy
mudstone layers, or ‘wavy bedding’ (Reineck and Wunderlich, 1968), suggests
repetitively changing energy conditions: periods of increased current or wave activity that
controlled sand deposition, alternated with lower- energy mud deposition. Such
conditions of alternating current strength are typically encountered in tidally-dominated
settings such as tidal flats.
In shallow estuaries, such as Cobequid Bay in the Bay of Fundy, ripple crosslaminated sand similar to facies 6 is common in tidal flats along the estuary margin, in
the transition to flanking mudflats (Dalrymple et al., 2012).
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Figure 5.27. Facies 6 overview at PR Site 2M: a) sharp contact between underlying
trough cross-bedded sandstone and overlying facies 6. Mud-filled burrows
(?Ophiomorpha) are indicated with white arrows; b) horizontal, thinly interbedded finegrained sandstone and mudstone, sharply overlying the trough cross-bedded sandstone of
facies 9 (white dashed line). Mud-filled burrows (?Ophiomorpha) (cm-scale), penetrating
underlying sandstone bed, are indicated with white arrows. Scale bar is 20 cm.
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Figure 5.28. Facies 6 at Site PR 2E: a) overview of facies 6, indicated by white
arrow. Sandstone and mudstone beds are mostly horizontal; b) and c) wavy
mudstone beds indicated by arrows, separating individual sandstone cross-sets.
Sandstone beds are occasionally penetrated by mud-filled burrows from
overlying mudstone interbeds. Scale bar is 20 cm.
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Bioturbation is rare to absent in the sand-dominated component of facies 6, but is
more common in the mudstone interbeds. Alternation of un-burrowed and burrowed beds
is commonly related to seasonal variations in fluvial discharge (Johnson and Dashtgard,
2014). Seasonal river floods can lower salinity, increase current speed and sedimentation
rate and therefore, can affect the distribution of burrowing (Sisulak and Dashtgard, 2012).
For example, fauna repopulate muddy substrate as a river flood wanes and brackish-water
conditions are re-established (Sisulak and Dashtgard, 2012).
Heterogeneous distributions of bioturbation occur in other depositional settings,
and are not necessarily diagnostic of seasonal fluctuations in fluvial discharge (Gingras
and MacEachern, 2012). For example, tidally influenced environments are characterized
by regular spatio-temporal variability in physical-chemical conditions, including resupply
of food (via settling of water-borne organics) during slack-water periods, and reestablishment of marine to brackish water conditions (Gingras and MacEachern, 2012).
Intertidal flats have lower sedimentation rates and are generally rich in organic particulate
matter, leading to locally intensely bioturbated sediment (e.g. upper tidal flats), compared
to subtidal settings (Gingras and MacEachern, 2012).
Tidal flats border tidal channels and comprise the uppermost part of a channeltidal point-bar succession (Dalrymple, 2010). In the Paddy, facies 6 consistently occurs
stratigraphically above facies 9 (interpreted as a tidal channel) (Fig. 5.43). Therefore,
based on the sedimentological evidence and stratigraphic relationship to an interpreted
channel environment (facies 9), facies 6 probably represents deposition on a tidal flat
flanking an broad estuarine channel. The combined influence of tidal effects and seasonal
river discharge may have influenced the heterogeneous distribution of bioturbation.

Facies 7: Heterolithic carbonaceous sandstone
Facies 7 forms units from 1.5 to 4 m thick. It consistently occurs immediately
above the basal Paddy unconformity (PE0) (Figs. 5.29 to 5.31), although locally it is cut
out by overlying units. If present above PE0, facies 7 is always sharply overlain by
trough cross-bedded sandstone of facies 9.

Figure 5.29. Facies 7 at Leckie Site 1B: a) facies 7 overlies the scoured basal PE0
surface. 3 to 10 cm-deep scours on PE0 are locally filled with moderately sorted, wellrounded medium-grained quartzose sandstone. Scale bar is 20 cm.
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Figure 5.30. Facies 7 at Heart River Site 7: a) (dune-scale) carbonaceous trough crossbedded sandstone overlies the basal PE0 surface (dashed white line), which is scoured
(locally up to 20 cm) into the underlying Cadotte alloformation. Secondary erosion
surfaces (solid white lines) with steep sides are suggestive of cohesive sediment at a
shallow burial depth. Scale bar is 20 cm.
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Figure 5.31. Overview of facies 7 sampled in core 15-10-84-17W5 (304.0 to 322.0 m): a)
approximately 2 cm of relief on the PE0 surface, which is overlain by a veneer of
medium- to coarse-grained, quartzose sandstone. Carbonaceous bed is scoured by
overlying sandstone (top indicated by dashed white line) of the same facies (310.0 m); b)
ripple cross-laminated fine-grained sandstone with interspersed carbonaceous drapes
(possibly tidal bedding) (308.0 m). Scale bar is 5 cm.
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This heterolithic, sand-dominated facies is characterized by alternations of veryfine to medium-grained, trough cross-bedded lithic sandstone, separated by thin partings
of carbonaceous debris (‘coffee grounds’) that form packages mm to < 5 cm thick (Figs.
5.31 to 5.32). Cross-stratified sandstone beds are mostly chert-rich (~10 %), and range in
thickness from 5 to 90 cm. Thin laminae of fine carbonaceous debris drape individual
foresets (Figs. 5.31 to 5.32). Bidirectional cross-bedding occurs at some localities.
In large exposures, facies 7 is characterized by large-scale inclined stratification
(PR site 2D) (Fig. 5.33). The top of facies 7 is locally rooted (e.g. Heart River site 7; Fig.
5.43), and is always gradationally overlain by either an in-situ coal or coally mudstone, or
erosionally overlain by trough cross-bedded sandstone of facies 9. At Heart River Site 4,
sand-filled Skolithos, and roots, abruptly appear within the upper 1 m of the facies (Fig.
5.43). Facies 7 either sharply overlies the PE0 surface, the heterolithic mudstone of facies
8, or a coal-dominated unit of facies 10.
Molds of disarticulated Gnesioceramus (‘Inoceramus’) comancheanus,
Gnesioceramus altifluminus (I. Walaszczyk, pers. comm. 2016), and Teredo-bored wood
occur ~ 1 m above the PE0 basal surface at Heart River sites 6 and 7 (Fig. 5.34). A
compressed sand-filled tree trunk with a diameter of ~ 85 cm rests on PE0, at Heart River
site 4.5. The long axis trends approximately east (110°).
Interpretation
The large scale of the cross-sets (up to 90 cm thick) indicates deposition in water
of the order of at least 5 m deep (e.g. Dalrymple & Rhodes, 1995). The alternation
between trough cross-stratified sandstone and thin draping beds of carbonaceous debris
indicates periodic and systematic changes in flow strength, and are similar in form to
tidal bundles as described by Visser (1980). Carbonaceous drapes within individual
cross-sets (e.g. Fig. 5.32) were probably deposited from suspension during slack water
(or subordinate current) periods. A single, dominant tide produces a tidal bundle

Figure 5.32. Facies 7 at Heart River Site 7: a) carbonaceous drapes (?tidal bundles) on the toes of a dune-scale trough
cross-bedded sandstone. Small (mm-scale) current rippled sandstone (white arrow) present within carbonaceous drape
(detailed photo – b); c) dune-scale trough cross-stratified sandstone with rhythmically thickening and thinning
carbonaceous drapes on foresets (probably indicative of neap-tide).
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Figure 5.33. Facies 7 at Site PR 2D. Facies 7 is characterized by multiple
sets of large-scale lateral accretion surfaces (LAS) (indicated by white
arrows) at Site 2D.
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Figure 5.34. Facies 7 at Heart River (HR) Site 7: a) overview of HR Site 7, where the insitu Gnesioceramus comancheanus and Teredo-bored wood were recovered; b) detailed
photo of Gnesioceramus comancheanus mould; c) Teredo-bored wood (borings indicated
by red arrows).
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comprising a single mud-sand couplet. These couplets may be organized such that the
mud laminae become systematically more widely- and closely-spaced, and sand beds also
show a corresponding thickening and thinning. Such systematic variations are commonly
attributed to 14-day neap-spring tidal cycles (e.g. Nio and Yang, 1991; Dalrymple, 2010;
Martinius and Gowland, 2011) (Fig. 5.32).
The combination of sharp-based facies units, bi-directional paleocurrents and
fine-grained drapes within cross-sets collectively suggest deposition in a tidallyinfluenced estuarine channel that received large volumes of terrestrial phytodetrital
material, perhaps delivered during river floods (e.g. Leckie and Singh, 1991; Martinius
and Gowland, 2011; Gugliotta et al., 2016).
Inclined heterolithic strata can form in various environments, such as the upper
parts of fluvial point bars, in channel fills of meandering or braided rivers, as well as in
tidally-influenced channels, and therefore it is not a diagnostic signature of a tidal
influence (Thomas et al., 1987; Dalrymple and Choi, 2007). Structures superimposed on
IHS that indicate reversal of flow, such as bidirectional cross-bedding, or the rhythmic
alternation of sand-mud interbeds, provide more convincing evidence of tidal influence
(van den Berg et al., 2007). The IHS of facies 7 is similar to the deposits from modern
intertidal point bars (e.g. Clifton and Phillips, 1980; Sisulak and Dashtgard, 2012), and
from ancient channel fill successions (Smith, 1988; Shanley et al., 1992). Rooted, coaly
horizons indicate subaerial emergence and peat accumulation at the top of the point-bar
succession.
The low-diversity and impoverished trace-fossil assemblage is suggestive of
brackish-water conditions that typify the fluvial-marine transition (Gingras et al., 2012).
In addition, the temporal variability of environmental conditions typical of this transition
zone, including fluctuating salinity, current speed and suspended-sediment concentration
creates a highly stressed environment (MacEachern et al., 2005). Bioturbation intensity
tends to be low where the sedimentation rate is high, such as within channels (Dalrymple
et al., 2012).

105

Within an estuary, the interaction of fresh and marine water creates vertical and
longitudinal salinity gradients (Dalrymple et al., 2012). This density stratification
generates ‘estuarine circulation’: less dense fresh water over-flows a nearly normal
marine salt wedge at the bottom of the channel (Dalrymple et al., 2012). A salt wedge
may have allowed marine molluscs, such as Gnesioceramus, and Teredo (which can
tolerate brackish conditions), to live at the bottom of the Paddy estuarine channel
(Bromley et al., 1984; Leckie and Singh, 1991). The volume of terrestrial organic matter,
or ‘coffee grounds’ – similar to that present in facies 7, is observed to become more
abundant in estuaries that occur directly at the terminus of a major river. Collectively, the
sedimentary and biotic evidence suggest that facies 7 was deposited in a strongly tidallyinfluenced estuarine channel, subject to episodic fluvial influx of sediment and
phtodetritus, perhaps on a seasonal basis (e.g. Shanley et al., 1992; Gugliotta et al.,
2016).

Facies 8: Heterolithic mudstone with lenticular to wavy bedding
Facies 8 is predominantly heterolithic, consisting of mudstone and fine-grained
sandstone in varying proportions. It typically occurs in units less than 3.5 m thick. The
mudstone can be very carbonaceous. Fine-grained sand (~ 5% chert) commonly occurs as
thin (mm to 20 cm) beds, with sharp bases and current-rippled or planar-laminated tops
(Fig. 5.35). Thicker sandstone beds occasionally contain internal mud-draped current
ripples. Generally, this heterolithic facies has a lenticular geometry and drapes underlying
sandstone units of facies 7 at a metre-scale (Fig. 5.36).
Bioturbation is typically scarce, and, if present, is mostly concentrated in
sandstone interbeds. Sand-filled ‘punch-down’ structures and rooted horizons occur
locally (Fig. 5.35).
Interpretation
The thinly interbedded mud and fine sand suggest alternating deposition from
suspension and currents, probably in a tide-influenced environment. The fine-grained
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Figure 5.35. Facies 8 from Heart River (HR) Site 6. Scale bar is 20 cm: a) an overview of
a more sand-dominated expression of facies 8, with roots (indicated by white arrows) and
wave-rippled sandstone with mm-thick mudstone drapes (red arrows); b) dark muddominated facies 8, with mm-scale rippled siltstone interbeds (white arrows); c) punchdown structure, potentially attributable to a dinosaur walking on the tidal flat surface
(outlined in red).

Figure 5.36. Overview of Heart River site 6. Surfaces PE0 and VE3 are indicated.
Note lenticular geometry of facies 8, draping underlying sandstone units of facies
7. Author for scale.
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carbonaceous material which contributes to the muddy drapes, is of low density and acts
as a suspension load that was probably deposited when flow speed was low (Martinius
and Gowland, 2011; Gugliotta et al., 2016). The dominance of mud in facies 8 suggests
that it was probably deposited in areas with an overall low current strength, and where the
concentration of suspended sediment was high (Dalrymple, 2010).
The sand-filled ‘punch-down’ structures are interpreted as footprint impressions
(e.g. Plint and Wadsworth, 2003). Similarly, Ryaarsdam et al., (2006) observed abundant
dinosaur tracks (‘dinoturbation’) along the top of tidal channels, and tide-influenced
lagoon sediments within the Upper Cretaceous Kaskapau Formation, in northeast British
Columbia. Vertebrate traces are often confined toward channel-margin positions, which
may have been subaerially exposed, as is suggested in facies 8 by the occurrence of
multiple rooted horizons (e.g. MacEachern et al., 2005).
Facies 8 probably represents a spectrum of intertidal depositional environments:
from heterolithic, upper-point bar sediments to fine-grained sediment deposited in a
channel undergoing abandonment.

Facies 9: Trough cross-bedded sandstone
Facies 9 consists of mostly medium-grained, quartz-rich (99%) sandstone, and
forms units up to 8 m thick. Trough cross-bedding is the dominant sedimentary structure,
but tabular cross-sets are locally abundant. Individual cross-set thickness varies between
10 and 90 cm; most sets are 10 to 40 cm thick (Figs. 5.37 to 5.38). Coarse, well-rounded
and polished sand grains are often concentrated on the toes of individual cross-laminae.
Reactivation surfaces and bi-directional cross-bedding are not ubiquitous, but are
common. Some of the cross-stratification shows randomly distributed mud drapes and
scattered charcoal chips (Fig. 5.38). At PR-Site 2E, facies 9 contains complex compound
cross-bedding, characterized by low angle (5-10°) accretion surfaces with smaller sets of
cross-bedding dipping up or down the master bedding surfaces.
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Figure 5.37. Facies 9 at Peace River site 2A. Scale bar is 20 cm: a) through b) overview
of channel-filling, multi-directional dm-scale trough cross-bedded sandstone, separated
by large-scale accretion surfaces (outlined with dashed black lines). Scale bar is 20 cm.
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Figure 5.38. Facies 9 overview at Peace River Site 2J: a) overview photo of facies 9. The
base of the overlying rooted coally mudstone (of facies 10) is outlined with a white line;
b) detailed photo of trough-cross bedded (dm-scale) fine-grained sandstone (examples of
individual cross-sets highlighted with black dashed lines), with interspersed muddy
drapes (white arrows). Scale bar is 20 cm.

111

The base of facies 9 is sharp and in some places, visibly scoured. Two units of
facies 9 are separated by an erosional surface with 1.5 m of erosional relief over a lateral
distance of 5 m (Fig. 5.39). The scoured base is mantled with a poorly-sorted lag
consisting of 30 cm mudstone clasts, woody debris, and is moderately burrowed (Fig.
5.39). Facies 9 often fines upward from medium- to fine-grained sand. The top of Facies
9 either contains dense root traces up to 40 cm long, or is locally burrowed. Along the
Peace River, the unit as a whole increases in thickness towards the north (Fig. 5.43).
Interpretation
The scoured basal erosion surface is interpreted as a channel base, which is
mantled by an intraclastic lag. Low-angle accretion surfaces are also suggestive of
deposition on large-scale macroforms (bars) within a channel. The top of the sandy
channel facies is typically muddy with abundant root traces, similar to modern finegrained upper point bar sediments.
Some of the cross-bedding shows randomly-oriented bidirectional paleocurrents,
reactivation surfaces and scattered mud drapes within cross-sets. These features imply
that the channel was to some extent tidally-influenced. Facies 9 lacks any cyclically
developed physical structures such as mud couplets or diurnal cross-set thickness
variations, which are associated with regular alternations of a dominant and slack water
current (Visser, 1980; Clifton, 1983; Gugliotta et al., 2016)
Typically, cross-bedding generated by tidal currents is more planar-tabular and
contains vertically adjacent cross-sets of similar size, compared to fluvial cross-bedding
(Dalrymple and Choi, 2007). The processes controlling the formation of tidal dunes is
mostly very regular (tidal current speed and water depths fluctuate within a small range)
and in consequence, adjacent dunes will probably develop similar features over time
(Dalrymple and Choi, 2007). Conversely, river flood magnitude is often highly variable,
and can produce different scales of bedform, with pronounced scoured bases, during
successive flood events (Dalrymple and Choi, 2007). Facies 9 therefore probably
represents the deposits from a fluvial channel that experienced relatively weak tidal
influence.

Figure 5.39. Aerial view of Peace River Site 2A, showing the entire thickness
of the Paddy alloformation (between surfaces PE0 and VE3). Note the scoured
base separating two units of facies 9, as indicated by an orange line and by a
white arrow in the top left-hand corner.

112

113

The absence of fluvial deposits composed of quartz arenite in the western part of
the Paddy basin (Rylaarsdam, 2006; Buckley and Plint, 2013) makes it difficult to
envisage a Cordilleran provenance for the quartz arenite the forms facies 9. As discussed
in Chapter 4, the upper Paddy alloformation (allomembers G-I) is stratigraphically
equivalent to the quartz-arenite dominated Pelican alloformation, which was evidently
sourced from quartzose cratonic sediments in the Canadian Shield. The quartz arenite
forming facies 9 was therefore most probably supplied by a branch of the Pelican fluvial
system that tapped an eastern quartzose source. This will be elaborated on and placed in a
broader paleogeographic context in subsequent chapters.

Facies 10: Carbonaceous mudstone and Coal
Carbonaceous mudstone and coal represent a minor component of the Paddy
alloformation. This facies comprises coal, highly carbonaceous mudstone and silty
claystone. Coal forms beds up to 40 cm thick, which locally contain thin beds of white,
very fine-grained quartz sand or fine silt, typically concentrated near the base of top of
the coal (e.g. PR site 2K/2J; Fig. 5.40). Carbonaceous mudstone and coal commonly
contains roots that penetrate underlying sandstone units from facies 7 or 9 (Figs. 5.40 to
5.42). Silty claystone is present in beds less than 2.5 m thick, and is well to poorly
laminated. Claystone is weakly bioturbated. Mudstones and coals are usually sharply
overlain by a sandstone-dominated unit.
Interpretation
Facies 10 is composed of fine-grained, organic-rich material which suggests
periods of slow sedimentation, low energy, abundant vegetation, and a high water-table
to generate poorly-drained, anoxic conditions to effect preservation of organic matter
(Nichols, 2009). Coals and coally mudstone probably accumulated in marshy areas
flanking estuarine channels. No tree roots were observed, suggesting that herbaceous
vegetation was the main contributor to the peat, rather than trees. However, drifted logs
way have been introduced to marshes during floods (e.g. Plint, 1983; Leckie and Singh,
1991).
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Figure 5.40. Facies 10 at PR Site 2J and 2K, respectively: a) thickest coal observed in the
Paddy (outlined in red). Consists of 40 cm of clean, in-situ coal, and an upper 15 cm with
quartzose sandstone concentrated in pockets (indicated by white arrows); b) mm-scale
carbonaceous root traces (white arrows) below coal in a); c) overview of two closely
spaced coals (outlined in white), separated by ~1 m of trough cross-bedded sandstone of
facies 9, at PR Site 2J; d) lenticular 20 cm coal (outlined by white dashed lines),
overlying a densely-rooted, cross-bedded sandstone of facies 9 (indicated by arrows).
Scale bar is 20 cm.

Figure 5.41. Overview of the Paddy alloformation in core 10-7-85-17W5 (317.04 to 339.26 m),
which consists of multiple horizons of carbonaceous sandstone of facies 7, overlain by rooted coals,
bleached paleosols and mudstones of facies 10.
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Figure 5.42. Overview of the Paddy alloformation from core 15-10-84-17W5 (304.0 to
322.0 m). The carbonaceous sandstone of facies 7 is overlain by the trough cross-bedded
sandstone of facies 9. The top of the facies 9 is rooted (white arrows) and overlain by a
mudstone bed of facies 10 (channel abandonment). Scale bar is 20 cm.
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Chapter 6 Accommodation and Controls on Sedimentation

6.1 Introduction
The geometry and thickness of a stratigraphic unit reflects: a) the evolution of
accommodation through time and space; b) the pattern of sediment dispersal and, c) synand post-depositional erosional events (Plint et al., 2012). Therefore, the geometry of a
stratigraphic unit can be used to infer significant factors controlling deposition.
An isopach map shows the thickness of a stratigraphic unit whereas an isolith
map illustrates the thickness of a particular lithology, such as sandstone, within an
individual allomember. ‘Sandstone’ for the purpose of isolith maps presented herein, is
based on gamma ray values that are below that of ‘background’ mudstone; in this study,
the gamma ray value chosen as the cut-off for ‘sandstone’ is approximately 90 API units.
In this chapter, isopach and sandstone isolith maps of the regionally-mapped
allostratigraphic units are presented, based on the correlations summarized in Chapter 4
(Figs. 6.1 to 6.10). The thickness of each allomember and their respective sandstone
component, if any, was measured to the nearest metre for each well. Isopach and
sandstone isolith maps were constructed for each allomembers using Surfer 8.0 (Golden
Software, 2002).
The Peace River, Joli Fou and Pelican alloformations are characterized by mostly
parallel stratification, with no evidence for a ‘shelf-slope-basin’ physiography (e.g. Plint
et al., 2012). The sea floor therefore probably formed a low-gradient shallow marine
ramp with efficient, storm-driven offshore sediment dispersal (e.g. Varban and Plint,
2008). Therefore, it is reasonable to infer that sediment filled accommodation as it was
generated, and that thicker accumulations of sediment record localized subsidence
unrelated to pre-existing bathymetric depressions (Plint et al., 2012). For example,
thicker deposits of sediment will accumulate in more rapidly subsiding parts of the basin.
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6.2 Description and Interpretation of the Joli Fou alloformation
The mudstone-dominated Joli Fou alloformation thickens to the southeast (Figs.
6.1 to 6.2), which suggests differential subsidence to the south. The overall sheet-like
geometry of the Joli Fou is interpreted to be reflective of eustatic rise during the late
Albian Joli Fou-Skull Creek transgression that flooded the Western Interior from the Gulf
of Mexico to the Arctic (Williams and Stelck, 1975). Widespread, thin and sheet-like
stratigraphic units have been interpreted primarily in terms of eustatic control (e.g. Ryer,
1993).
During the early late Albian, active flexural subsidence was confined to northwest
Alberta and adjacent BC, and accommodated the wedge-shaped lower Paddy strata of
allomembers A to F (Rylaarsdam, 2006; Buckley, 2011; Plint et al., 2012). Both lower
Paddy and Joli Fou strata onlap and terminate against the basal unconformable surface
(PE0 in the west, JE0 in the east), implying that the unconformity formed a subaerial
topographic ridge. The ‘Smoky River Ridge’ is interpreted to have separated the
brackish-water to alluvial Paddy sediments in the west, from open marine Joli Fou
sediments in the east. In some respects, the Smoky River Ridge appears to represent a
forebulge, located on the outer margin of a flexural foredeep (Leszczynski and Nemec,
2015), and is characterized by stratigraphic thinning, erosion and non-deposition (Horton
and DeCelles, 1997). However, the Smoky River Ridge does not curve around the arcuate
Paddy depocentre in the northern part of the study area, and hence a forebulge
interpretation does not seem to provide a full explanation of the feature. Previous studies
(e.g. Stelck et al., 2000) have indicated that the Paddy and Joli Fou depocentres were
separated by the Peace River Arch. However, the Smoky River Ridge has a different
trend, and is not completely spatially coincident with the Peace River Arch: a full
explanation of the Smoky River Ridge remains elusive.
The Joli Fou alloformation occupies a shallow, wide basin that, in broad terms,
may be interpreted as a back-bulge depozone (DeCelles and Giles, 1996). The back-bulge
zone is a broad region of secondary flexural subsidence between the forebulge and the
cratonic interior, and is characterized by limited subsidence and sediment supply (Horton
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Figure 6.1. Isopach map of total thickness of the Joli Fou alloformation. Contours are in 3
m intervals. The onlap limit of the Joli Fou alloformation against the underlying JE0
unconformity is indicated with a black arrow.
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Figure 6.2. A) isopach map of total thickness of Joli Fou allomember JA
(between surfaces JE0 to JE1). Contours are in 2 m intervals; B) isopach
map of total thickness of Joli Fou allomember JB (JE1-VE0). Contours are
in 1 m intervals. The red box highlights where the Joli Fou alloformation
thinned significantly, and individual allomembers (JA or JB) could not be
differentiated.
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and DeCelles, 1997). The Joli Fou is predominantly mudstone, with a minor siltstone and
sandstone component that is often reworked into wave or combined flow ripples. This
suggests deposition in an offshore setting, from decelerating storm-generated flows above
storm weather wave-base, at a relatively shallow water depth, probably no more than a
few tens of metres (Schieber, 1994; Buckley et al., 2016). The western margin of the Joli
Fou alloformation onlaps against the Smoky River Ridge. There is no evidence that the
Joli Fou rocks become sandier closer to the western shore, which implies limited
sediment supply from that margin. Therefore, the Ridge probably prevented coarser
fluvial sediment from being delivered directly to the western shore of the Joli Fou Sea.

6.3 Description and Interpretation of the upper Paddy alloformation and Pelican
allomembers PeA and PeB
The upper Paddy alloformation, comprising allomembers G, H, and I, is generally
10 to 20 m thick, and has a broadly sheet-like geometry, which contrasts with the wedgeshape of the lower Paddy alloformation. It has therefore been interpreted (Plint et al.,
2012), that deposition of the upper Paddy took place during a period of diminished
flexural subsidence (Fig. 6.3). The upper Paddy alloformation blankets the Smoky River
Ridge, rarely exceeding 10 m in thickness. These upper Paddy strata, which consist of
tidally-influenced estuarine sediments, pass laterally eastward over the crest of the
Smoky River Ridge, into Pelican allomembers PeA and PeB. (Figs. 6.3, 6.4, 6.5). This
lateral transition is visible in the vicinity of Peace River town where a 10-20 m deep
paleovalley, incised into the underlying Cadotte alloformation (Leckie et al., 1990), is
filled with petrographically distinctive units of lithic arenite of Cordilleran provenance,
interstratified with medium to coarse-grained quartz arenite, interpreted to have been
delivered from the Canadian Shield by the Pelican fluvio-deltaic system (Fig. 5.4).
Collectively, allomembers PeA and PeB form a broadly sheet-like rock body not more
than 18 m thick, and both allomembers comprise sandier-upward, progradational deltaic
successions (Figs. 6.3, 6.4).
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Figure 6.3. Isopach map of total thickness of the upper Paddy alloformation and Pelican
allomembers PeA and PeB (also corresponds to Viking allomembers, VA). Contours are
in 3 m intervals. The approximate position of the Paddy-Pelican transition zone (i.e. the
crest of the Smoky River Ridge) is indicated by the red line.
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Figure 6.4. A) isopach map of total thickness of Pelican allomember PeA. Contours are in
2 m intervals. The Paddy-Pelican transition zone, where the two units are
indistinguishable, is indicated with a red arrow. The approximate location of the
stratigraphic summary figure in C), is outlined by the grey bars; B) clean sandstone
isolith map of Pelican allomember PeA. Contours are in 2 m intervals. The inferred
approximate progradational limit of the PeA delta-front sandstone is labelled (dashed
orange line); C) summary of the SW-NE and N-S stratigraphic relationships in the study
area. Note the Paddy-PeA transition zone in the NE quadrant, and downlap of PeA to the
east and south.
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Figure 6.5. A) isopach map of total thickness of Pelican allomember PeB. Contours are in
3 m intervals. The Paddy-Pelican transition zone, where the two units are
indistinguishable, is indicated with a red arrow. The approximate location of the
stratigraphic summary figure in C), is outlined by the grey bars; B) clean sandstone
isolith map of Pelican allomember PeB. Contours are in 3 m intervals. The inferred
approximate progradational limit of the PeB delta-front sandstone is labelled (dashed
orange line); C) summary of the SW-NE and N-S stratigraphic relationships in the study
area. Note the Paddy-PeB transition zone in the NE quadrant. PeB thickens to the east
and south.
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Pelican allomember PeA is thickest in the NE, and thins and downlaps onto
surface VE0 towards the south (Fig. 6.4A). The sandstone depocentre is focussed in a
SW-NE-trending region and dies out to the NW and SE, suggesting a fluvial supply
system coming from the NE (Fig. 6.4B). Allomember PeB differs from PeA, by
extending across the entire study area, and having a more sheet-like geometry, although a
distinct region of thickening can be recognized trending NW-SE across the centre of the
study area, and offset to the south of the thickest part of PeA (Fig. 6.5A). The sandstone
depocentre in PeB (Fig. 6.5B) trends N-S and is offset to the SE of the sandstone
depocentre in PeA (Fig. 6.6). Traced to the south, Pelican allomembers PeA and PeB,
bounded by VE0 and VE1, pass laterally into strata mapped as Viking allomember VA in
the SW (Roca et al., 2008).
The overall sheet-like geometry of both the upper Paddy alloformation and coeval
lower Pelican allomembers PeA and PeB show that flexural subsidence was negligible by
the time they were deposited, with a continuous sheet of sediment extending from the
proximal foredeep to the distal back-bulge basin (e.g. Jordan, 1995). The fact that
Cordilleran-sourced lithic arenite and Shield-sourced quartz arenite are interstratified on
the western side of the Smoky River Ridge (a potentially forebulge-related structure)
shows that the Ridge had negligible topographic relief by late Paddy/ early Pelican time,
such that a branch of the Pelican river system could cross the Ridge to introduce easterlysourced quartz arenite, into the distal reaches of the foredeep. The lack of forebulge
topography and sheet-like stratal geometry may be interpreted as evidence of tectonic
quiescence in the adjacent portion of the fold and thrust belt. Models show that as
tectonic loading decreases in the fold and thrust belt, the forebulge subsides and moves
further from the orogen (Beaumont et al., 1993; Jordan, 1995). Moreover, the extensive
deposition in the back-bulge region may provide evidence for subtle uplift of the
proximal foredeep, with attendant subsidence of the back-bulge region (Jordan, 1995;
DeCelles and Giles, 1996). During periods of tectonic quiescence, areas adjacent to the
thrust belt gradually become regions of sediment bypass and/or minor uplift, as the active
depocenter progressively migrates to more distal positions of the basin (i.e. the backbulge area; Jordan, 1995).
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Figure 6.6. A) summary of the inferred approximate progradational limits of the
PeA to PeD delta-front sandstones, respectively. The main sandstone depocenters
are progressively offset to the west, with successive allomembers. The
approximate location of the stratigraphic summary figure in B), is outlined by the
grey bars. B) summary of the SW-NE and N-S stratigraphic relationships in the
study area.
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6.4 Description and Interpretation of Pelican allomembers PeC and PeD
The upper Pelican, comprising allomembers PeC and PeD, are subtly wedgeshaped bodies of rock that thin and toplap westward towards the Smoky River Ridge
(Figs. 6.6 to 6.7). Strata equivalent to Pelican allomembers PeC and PeD (and also
equivalent to Viking allomember VB), are confined to the region east of the Smoky River
Ridge (Fig. 6.7). Allomembers PeC (Fig. 6.8A) and PeD (Fig. 6.9A) are both typically 5
to 10 m thick and each comprises one or more sandier-upward succession. Sandstone
bodies within allomembers PeC (Fig. 6.8B) and PeD (Fig. 6.9B) are broadly lobate
bodies in which sandstone grades laterally south- and eastward into mudstone, implying
that corresponding delta-front progradation was towards the south and east. The toplap
limits of allomembers PeC and PeD are progressively displaced towards the SE (Fig.
6.9A). This stratal relationship suggests that, during upper Pelican time (PeC-PeD),
accommodation was progressively eliminated from west to east. This may be a reflection
of continued subtle uplift of the foredeep that continued until late Pelican time when the
entire basin was subaerially exposed, leading to formation of the VE3 surface.
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Figure 6.7. Isopach map of total thickness of the Pelican allomembers PeC and PeD, that
are stratigraphically equivalent to Viking allomember VB. Toplap limit of PeC is
indicated with a black arrow. Crest of the Smoky River Ridge (SRR) outlined by the solid
red line, and indicated with black arrow. Contours are in 3 m intervals.
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Figure 6.8. A) isopach map of total thickness of Pelican allomember PeC. Contours are in
3 m intervals. The approximate location of the stratigraphic summary figure in C), is
outlined by the grey bars; B) clean sandstone isolith map of Pelican allomember PeC.
Contours are in 3 m intervals. The inferred approximate progradational limit of the PeC
delta-front sandstone is labelled (dashed orange line); C) summary of the SW-NE and NS stratigraphic relationships in the study area. Note the toplap of PeC in the NE quadrant.
PeC thickens to the east and south.
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Figure 6.9. A) isopach map of total thickness of Pelican allomember PeD. Contours are in
2 m intervals. Western toplap limit of allomembers PeC labelled with a black arrow.
Southern toplap of PeD is labelled with a black arrow. The approximate location of the
stratigraphic summary figure in C), is outlined by the grey bars; B) clean sandstone
isolith map of Pelican allomember PeD. Contours are in 2 m intervals. The inferred
approximate progradational limit of the PeD delta-front sandstone is labelled (dashed
orange line); C) summary of the SW-NE and N-S stratigraphic relationships in the study
area. Note the toplap of PeD in the NE and S quadrants. PeD thins significantly to the
NE.
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6.5 Description and Interpretation of Viking allomember D
Viking allomembers D (VD) is bounded by surfaces VE3 and VE4. Allomember
VD thickens from a zero-edge in the north, to over 5 m in the southern part of the study
area (Fig. 6.10). The top of allomember VD is surface VE4 which is seen at outcrop
along the Peace and Heart river sections (Fig. 5.4). In these sites, allomember VD
consists of dark, pyritic marine claystone to silty claystone, capped, at surface VE4, by a
few cm to few dm of granular quartz arenite, commonly molded into large symmetrical
wave ripples. Towards the north, surface VE4 progressively truncates allomember VD to
merge with surface VE3.
Viewed in a broader context, mapping by Rylaarsdam (2006), Zhang (2006),
Buckley (2011) and Angiel (2013) showed that allomember VD forms a prominent
wedge that thickens to > 120 m adjacent to the Cordillera (Fig. 6.11). The pattern of late
Albian subsidence, summarized in Fig. 24.12A of Plint et al. (2012) (Fig. 6.10), shows
that the northern and eastern part of the current study area lies above the flexural
forebulge that was elevated in response to renewed subsidence in Viking VD time.
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Figure 6.10. Isopach map of total thickness of Viking allomember D (VD) (VE3 to VE4).
Contours are in 1 m intervals.
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Figure 6.11. Isopach map showing the collective thickness of Viking allomember D
(VD), the Westgate and Fish Scales alloformations, depicting a major NW depocentre
and corresponding forebulge in the SE. From Plint et al., (2012). The current study area
is indicated on the crest of a putative forebulge structure.
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Chapter 7 Late Albian Evolution of the Western Interior Seaway

7.1 Introduction
This chapter summarizes the main tectonic and eustatic events in the Western
Interior Basin of North America from the early late Albian, through the middle late
Albian. Particular emphasis is placed on the interpretation of the depositional units
examined in this study, including: the Joli Fou, Paddy, Pelican and Viking
alloformations.

7.2 Early Late Albian
During the early late Albian (~ 102 to 104 Ma; Early Cretaceous), eustatic rise
caused the Boreal and Tethyan oceans to flood the Western Interior Basin of North
America, from the Gulf of Mexico to the Arctic, to form the Joli Fou-Skull Creek Seaway
(Williams and Stelck, 1975) (Fig. 7.1). The transgression is recorded in western Canada
by the open marine mudstones of the Joli Fou Formation and correlative units (e.g. Bow
Island Formation, Mill Creek Formation), and by the correlative Skull Creek,
Thermopolis and Kiowa shales in the United States (e.g. McGookey et al., 1972; ObohIkuenobe et al., 2008). These transgressive mudstones contain a mixed assemblage of
both fully marine Tethyan and Arctic fauna, which confirms the connection of Boreal and
Tethyan waters during the early late Albian (Walaszczyk and Cobban, 2016).
In northwest Alberta and adjacent BC, wedge-shaped alluvial to marine sediments
of the lower Paddy alloformation are confined to an actively subsiding depocentre,
adjacent to the Cordillera (Rylaarsdam, 2006; Buckley and Plint, 2013). Lower Paddy
strata onlap progressively eastward onto the subaerial Smoky River Ridge that is
composed of Middle and Lower Albian strata (Figs. 7.2 to 7.4). The eastern side of the
Ridge is incised by a linear, erosional notch, approximately 10-20 m high and traceable
for > 500 km, against which open marine mudstone of the Joli Fou alloformation onlaps.
The Joli Fou is a sheet of mudstone across eastern Alberta and Saskatchewan, that
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Figure 7.1. The Western Interior Basin of North America during the
early late Albian (102 to 104 Ma) Joli Fou-Skull Creek transgression.
The Joli Fou-Skull Creek Seaway formed by the merging of northern
(Boreal) and southern (Tethyan) water masses. The current study area
is indicated on the map. Map from Blakey (cpgeosystems.com).
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Figure 7.2. Paleogeographic representation map of Alberta during deposition of the lower
Paddy alloformation (allomembers A-C) in the west and the Joli Fou alloformation in the
east, at the onset of the Joli Fou transgression. Paddy rocks form a wedge of alluvial to
marginal-marine strata that onlap progressively eastward onto the Smoky River Ridge.
Map is based on the cumulative stratigraphic studies of Rylaarsdam (2006), Roca (2007),
Buckley (2009), Morrow (MSc in progress), Drljepan (PhD in progress), and the present
study (area indicated on the map).
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Figure 7.3. Paleogeographic representation map of Alberta during deposition of the lower
Paddy alloformation (allomembers D-F) in the west and the Joli Fou alloformation in the
east, during the later part of the Joli Fou transgression. Paddy rocks form a wedge of
alluvial to marginal-marine strata that onlap progressively eastward onto the Smoky
River Ridge. The Smoky River Ridge extends 550 km north-eastward from the Foothills
in the SW to approximately Township 100 in the NE. The Ridge forms part of the
western shoreline of the Joli Fou intra-continental sea, and incised by an erosional notch
(10-20 m) high, against which the Joli Fou mudstone onlaps. Map is based on the
cumulative stratigraphic studies of Rylaarsdam (2006), Roca (2007), Buckley (2009),
Morrow (MSc in progress), Drljepan (PhD in progress), and the present study (area
indicated on the map). The location of the Paddy valley is taken from Leckie et al.,
(1990).
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Figure 7.4. Paleogeographic representation of the main depositional environments in
Alberta during the early late Albian. The Smoky River Ridge forms part of the western
shoreline of the Joli Fou intra-continental sea, separating the western, wedge-shaped
Paddy and eastern, shallow Joli Fou depocenters. The sheet-like Joli Fou mudstone is
interpreted to occupy the back-bulge depozone, which is isolated from concurrent
flexural subsidence in the foredeep. The northeast corner depicts the inferred initial
progradation of the Pelican delta system.
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gradually thickens to the southeast and grades into sandier, marginal marine and alluvial
facies of the lithostratigraphic Bow Island and Mill Creek formations, in southwest
Alberta (e.g. Pedersen et al., 2002) (Fig. 7.3). The Joli Fou alloformation occupies a
shallow back-bulge depocentre, isolated from the rapidly-subsiding foredeep by the
subtly-elevated Smoky River Ridge, which is a possible forebulge-related structure.

7.3 Middle Late Albian
Succeeding eustatic fall through the middle late Albian caused partial retreat of
the Joli Fou Sea from the Western Interior Basin, and closure of the southern connection
to the Gulf of Mexico (Dolson and Muller, 1994; Leckie et al., 1994; Stritch and
Schröder-Adams, 1999) (Fig. 7.5). Sea-level fall resulted in the progradation of coastal
depositional systems around the margin of the retreating Joli Fou Sea, which included
deposition of the Viking and Pelican formations in Alberta, the Upper Swan River
Formation in Saskatchewan, and the correlative Muddy, ‘J’, and Newcastle sandstones in
the United States (McGookey et al., 1972). Viking and Muddy sandstones lack fully
marine macrofauna and overall, the biota indicated stressed, low salinity conditions
(Stelck, 1958; Dolson and Muller, 1994; Walaszczyk and Cobban, 2016).
In Western Canada, the Viking Formation consists of multiple, geographically
isolated shallow marine sandstone bodies encased in offshore mudstone (e.g. Boreen and
Walker, 1991; Roca et al., 2008). The contact between the Viking and Joli Fou
alloformations is defined by transgressive surface VE0; Viking nearshore sandstones
rapidly coarsen and prograde above VE0, indicating a relative fall in sea-level and the
onset of regional regression (Roca et al, 2008). Roca et al., (2008) recognized a lower
Viking alloformation comprising allomembers VA and VB, and an upper Viking
alloformation, comprising allomember, VD. Allomembers VA and VB consist of
multiple coarsening-upward successions bounded by marine flooding surfaces, which are
suggestive of repeated transgressive-regressive events (e.g. Boreen and Walker, 1991;
Walker and Wiseman, 1995).
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Figure 7.5. The Western Interior Basin of North America during the middle late
Albian sea-level fall, that lead to closure of the southern connection to the Gulf
of Mexico. This resulted in the progradation of coastal depositional systems
around the margin of the retreating sea. Current study area is indicated on the
map. Map from Blakey (cpgeosystems.com). The paleogeographic
reconstruction of Blakey does not accurately portray the paleogeography of the
basin in Alberta, as revealed by the current study, and by other studies at
Western University.

141

The Pelican Formation has long been known to be stratigraphically equivalent to
the Viking Formation (e.g. Wickenden, 1949; Badgley, 1952; Reinson et al., 1994), but
this relationship has never been examined in detail. Correlations from this study show; 1)
that the Pelican alloformation is separated from the underlying Joli Fou by a distinct
downlap surface that is correlative southward with VE0, and which carries a coarsergrained lag; 2) the Pelican comprises four progradational successions (allomembers)
bounded by regionally-mappable flooding surfaces; 3) the lower two Pelican
allomembers, PeA and PeB, grade SW into Viking allomember VA, and grade westward
into strata of the upper Paddy alloformation (Paddy allomembers G-I); 4) the upper two
Pelican allomembers, PeC and PeD, grade southward into Viking allomember VB but
toplap against surface VE3 towards the N and W.
Pelican allomembers PeA and PeB form two quartzose, upward-coarsening
deltaic successions that are mappable across the crest of the Smoky River Ridge, where
they pass laterally into strata of the upper Paddy alloformation. Both the lower Pelican
allomembers (PeA and PeB), and the upper Paddy alloformation have a broadly sheetlike geometry, which extends from the proximal foredeep to the distal back-bulge basin
(Rylaarsdam, 2006, Buckley, 2009). This suggests that deposition probably occurred
when the rate of flexural subsidence was negligible and in consequence, the topography
of the forebulge (?Smoky River Ridge) would, on the basis of modeling, also be expected
to have been low (Jordan and Flemings, 1991). This situation allowed easterly-sourced
sediment to cross the forebulge and be deposited in the distal part of the foredeep, as
tentatively postulated by Buckley and Plint (2013).
In the vicinity of Peace River town, Paddy strata represent deposition in a variety
of environments, including shallow marine, fluvial and estuarine (Leckie and Singh,
1991; Buckley and Plint, 2013). In this region, Paddy strata comprise two
compositionally distinct types of sandstone: 1) fine-grained cherty litharenite, which is
interstratified with 2) medium to coarse-grained quartz arenite. Quartz arenites have not
been observed in the western part of the basin (Rylaarsdam, 2006; Buckley, 2009). The
only reasonable alternative is that the quartz arenite was delivered by the Pelican fluviodeltaic system which prograded at least 500 km westward, from a source area (possibly
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the quartz arenites of the Proterozoic Athabasca Basin) on the Canadian Shield. This
interpretation implies complete closure of the northern entrance to the Joli Fou seaway
during the middle late Albian, by the end of Pelican allomember PeA deposition (Figs.
7.6 to 7.7). Therefore, at this time, the Western Interior Seaway was closed to both the
north and south (Fig. 7.8). This observation provides an explanation for the very widelydocumented lack of fully marine molluscan faunas from the coeval Viking and Muddy
formations, both in Canada and the United States (Walaszczyk and Cobban, 2016).
Pelican allomembers PeC and PeD also form two quartzose, upward-coarsening
deltaic successions. Sandstone bodies within allomembers PeC and PeD are lobate in
planform, and prograde to the south and east (Figs. 6.8 to 6.9). Allomembers PeC and
PeD toplap against the VE3 surface, and are progressively offset towards the SE (Fig.
4.21). This implies that accommodation was eliminated from west to east (i.e. from the
former Paddy depocentre), as continued tectonic quiescence resulted in erosional uplift of
the adjacent Cordillera. In consequence, it appears that the upper Pelican fluvio-deltaic
system was diverted towards the south, instead of flowing into the western Paddy
depocentre (Fig. 7.9). This interpretation is supported by the southward-lobate pattern of
deltaic shorelines in allomembers PeC and PeD (Figs. 6.8 to 6.9).
The upper Pelican grades southward into upper Viking allomember VB.
Collectively, the Joli Fou alloformation, and Viking allomembers VA and VB lap out
westward against a basal unconformity (JE0). This stratigraphic pattern is suggestive of
subtle uplift of the western part of the foredeep, probably due to tectonic unloading by
erosion. The resulting eroded sediment mass is transported into the back-bulge depozone,
which continues to undergo subtle isostatic subsidence beneath this load (e.g. Jordan,
1995).
Tectonic uplift of the western margin continued until ‘late Pelican time’, when the
entire basin was subaerially exposed, leading to the formation of the VE3 surface. Over
much of northern Alberta, upper Viking allomember VD comprises a sheet of marine
mudstone, exposed in the vicinity of Peace River town. The mudstone is indicative of a
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Figure 7.6. Paleogeographic representation map of Alberta during deposition of the upper
Paddy alloformation (allomembers G-I) in the west, the Pelican alloformation in the
northeast and the Viking and Bow Island formations in the south, during the middle late
Albian regression. The upper Paddy comprise tidally-influenced estuarine sediments (in
the vicinity of Peace River town), and merges eastward with Pelican allomembers PeA
and PeB over the crest of the Smoky River Ridge, closing the Joli Fou seaway.
Interstratification of litharenites (from the Paddy system) and quartz arenites (from the
Pelican system) is visible in a paleovalley incised into the underlying Cadotte
alloformation (indicated with black arrow). The Pelican system is interpreted to have a
Canadian Shield provenance (labelled in NE corner in pink). Map is based on the
cumulative stratigraphic studies of Rylaarsdam (2006), Roca (2007), Buckley (2009),
Morrow (MSc in progress), Drljepan (PhD in progress), and the present study (area
indicated on the map).
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Figure 7.7. Paleogeographic representation of the main depositional environments in
Alberta during the middle late Albian: the Pelican delta system (PeA and PeB) prograded
from the northeast, to merge with the shallow-marine Paddy system in the vicinity of the
now buried Smoky River Ridge, resulting in complete closure of the Joli Fou seaway.
The arrow indicates the location of the paleovalley, where quartzose sandstone
interpreted to be from the Pelican, is interstratified with lithic arenite derived from a
western (orogen) source. Both the upper Paddy and lower Pelican have a sheet-like
geometry which implies minimal tectonic activity at this time. The forebulge probably
had limited relief, to allow eastern-derived sand to enter the foredeep.
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Figure 7.8. Paleogeographic map of North America during deposition of the Pelican and
Viking allomember VB. The Pelican delta, closing the Joli Fou Seaway, is shown in
yellow. Saline indicators in late Albian strata in the southern Hudston Bay suggest an
eastern connection to the Atlantic. This would have permitted the Interior Sea to remain
saline during Viking deposition. Map has been adapted from maps by R. Blakey
(cpgeosystms.com) and White et al., (2000).
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Figure 7.9. Paleogeographic representation of the main depositional environments in
Alberta during ‘upper Pelican time’. The previous western ‘Paddy depocentre’ has
become an area of sediment bypass (coloured brown), as tectonic uplift of the western
part of the foredeep continued. The Pelican delta (PeC and PeD) continued to prograde
from the northeast, but was diverted to the south and east (probably by uplift of the
western part of the basin), instead of flowing westward into the Paddy depocentre.
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widespread marine transgression, that is recognizable throughout Alberta (Roca et al.,
2008). In a broader context, VD thickens markedly into the BC foredeep, and marks the
onset of a new phase of flexural subsidence. In the current study area, VD thickens from
a zero-edge in the north, to over 5 m in the southern part of the study area. Therefore, this
area was probably situated on the forebulge, where it was elevated and partially eroded in
response to flexural uplift during Viking VD time.

7.3.1 The ‘Pelican System’
Overall, the regressive sandstones of the Pelican alloformation record of the order
of 1 myr. of marine to brackish-water deposition. During this time, deposition of the
Pelican was influenced by four cycles of relative sea-level rise and fall. The Pelican
system occupies a broad shallow basin that was little-influenced by Cordilleran loading in
the foredeep. The lobate planform, sandier-up successions and sedimentological evidence
suggest that the Pelican strata represent a river-dominated delta system, that experienced
only minor wave influence. Each Pelican allomember is typically 5 to 10 m thick which,
allowing for compaction, suggests that successive deltas prograded into water perhaps no
more than 10 to 20 m deep. The Pelican system apparently lacks the typical ‘birds foot’
morphology commonly associated with river-dominated deltas (Galloway, 1975;
Bhattacharya, 2010).
However, where constructed in shallow water, deltas are typically more sand-rich
due to efficient wave reworking, and in consequence, the banks of distributary channels
are less stable because they lack cohesive mud. Therefore, delta lobes could be expected
to avulse more frequently (probably timescale of decades to hundreds of years), to
generate a series of thin overlapping lobes, comparable to the modern Volga delta
(Overeem et al., 2003) and the Lafourche lobe of the Mississippi delta (Bhattacharya and
Walker, 1992; Olariu and Bhattacharya, 2006). The stratigraphic resolution of the
wireline log data used to map the Pelican allomembers is insufficient to allow individual
delta lobes, and in consequence, they are mapped collectively as an apparently
homogeneous ‘sandstone sheet’.

148

The northeastward thickening and coarsening of the Pelican system combined
with the distinctive, quartzose composition suggests provenance from the Canadian
Shield. Medium- to coarse-grained, well-rounded quartzose sandstones from the Pelican
alloformation are present as far north as the Birch Mountains in Alberta (Twp. 98-104)
(Cotterill and Berhane, 1996). The Paleoproterozoic to Mesoproterozoic Athabasca
Basin, in northern Alberta and Saskatchewan, comprises sedimentary deposits of the
Athabasca Group, which consist predominantly of quartz arenite (Chu et al., 2015). The
quartz arenites that form the Pelican are well-rounded, suggesting recycling from an older
sandstone (Benyon et al., 2014) and/or great transport distances that can produce ‘supermature rounding’ of quartz arenites (Chandler, 1988). The origin of the Pelican fluviodeltaic system remains enigmatic. It is unknown whether the growth of the ‘Pelican delta’
was the result of a combination of climate change (i.e. wetter, higher discharge), or local
tectonic uplift of part of the hinterland. Rivers are sensitive indicators of active tectonics,
because they transport water and sediment down local and regional gradients, which can
be disturbed by warping and faulting (Leeder, 1993). Tectonic mechanisms broadly affect
rivers and fluvial deposits in two ways, either by changing slope through subsidence, or
by increasing coarse sediment input generated through lithospheric uplift (Schumm et al.,
2000).

7.4 Latest Albian
During the late late Albian, the Boreal Sea flooded the Western Interior Basin
from the north to form the flask-shaped, late Albian Mowry Sea, that constituted an early
part of the Greenhorn Sea (Stritch and Schröder-Adams, 1999). This embayment lacked a
southern Tethyan connection, and only extended as far south as Colorado (Williams and
Stelck, 1975). In southern Alberta, dark marine mudstones of the Westgate alloformation
record the Mowry transgression. Roca et al., (2008) showed that mudstones of the
Westgate alloformation onlapped progressively onto surface VE4 from north to south,
reflecting differential subsidence in the north as transgression proceeded.
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Chapter 8 Conclusions

8.1 Conclusions
The findings of this thesis can be summarized in eleven conclusions:
1. Middle Albian time in the Western Canada Foreland Basin is represented by the
Harmon and Cadotte alloformations. The Harmon-Cadotte package is erosionally
truncated in the east by an unconformity. This surface is designated as surface
PE0 and it forms the basal surface of the Paddy alloformation in the west.
However, surface PE0 can be shown to be equivalent to surface JE0 that, in the
east, defines the base of the Joli Fou alloformation.
2. The base of the Joli Fou alloformation is a marine transgressive surface, JE0, that
records marine inundation of the continental interior during the early late Albian.
The Joli Fou alloformation is divided by two regionally-mappable flooding
surfaces, JE1 and JE1.1, that have a parallel and consistent geometry. The top of
the Joli Fou is the transgressive surface VE0, that forms the base of the Pelican
alloformation.
3. The Joli Fou alloformation consists predominantly of mudstone, with a minor
siltstone and sandstone component. Coarser-grained beds are commonly
reworked into wave or combined flow ripples. The sedimentary features suggest
an open shelf setting, with deposition from decelerating storm-generated flows
above storm wave-base, probably in a few tens of metres of water.
4. The Joli Fou alloformation forms a regional blanket that onlaps westward against
a notch (10-15 m high) cut in a subaerial ridge, the ‘Smoky River Ridge’, that
marks the western margin of the Joli Fou Sea. The Smoky River Ridge is
interpreted to have separated the brackish-water to alluvial Paddy sediments to the
west, from open marine Joli Fou sediments to the east. Contemporaneous fluviolagoonal and shallow marine deposits of the Lower Paddy alloformation onlap
eastward onto the east side of the ridge, filling a westward-thickening flexural
foredeep basin. The Smoky River Ridge has some characteristics of a forebulge,
although this does not provide a complete explanation for its location. The sheet-
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like Joli Fou alloformation is interpreted to have accumulated in a shallow, backbulge basin, little-affected by Cordilleran loading.
5. The base of the Paddy alloformation is defined by an erosional surface, PE0,
which is interpreted to be a subaerial unconformity. The top of the Paddy
alloformation is defined by the VE3 surface. In the current study area, the three
upper Paddy allomembers (G, H, I), are present but do not lap out against PE0 (in
contrast to the wedge-shaped lower Paddy allomembers that terminate eastward).
Allomembers G, H and I do not, individually exceed 10 m thick, and cannot be
differentiated in the current study area. In consequence, the Paddy alloformation
is mapped as one unit. The upper Paddy alloformation has a broadly sheet-like
geometry, which contrasts with the wedge-shape of the lower Paddy
alloformation. Therefore, deposition of the upper Paddy probably occurred during
a period of diminished flexural subsidence.
6. The base of the Pelican alloformation is defined by transgressive surface VE0,
which is demonstrably correlative with the basal surface VE0, of the Viking
alloformation in the south-west. Surface VE3 forms the top of the Pelican
alloformation. The strata of the Pelican Formation can be divided by transgressive
surfaces, into four regionally-mappable, sandier-upward allomembers designated
PeA to PeD. Pelican strata primarily comprise fine- to medium-grained quartz
arenite, dominated by dm-scale trough and tabular cross-bedding, with minor
wave rippled surfaces, few burrow and extensive but non-rhythmical mud drapes.
Each allomember is typically between 5 to 10 m in thickness.
7. Pelican allomember PeA is thickest in the NE, and the sandstone depocentre is
focussed in a SW-NE-trending region and dies out to the NW and SE, suggesting
a fluvial supply system coming from the NE. The sandstone depocentre in PeB
trends N-S and is offset to the SE of the sandstone depocentre in PeA. The
sandstone bodies within allomembers PeC and PeD are broadly lobate bodies in
which sandstone grades laterally south- and eastward into mudstone, implying
that corresponding delta-front progradation was towards the south and east.
8. The Pelican and Viking depositional systems occupy discrete, north-eastern and
south-western depocentres, separated by an elongate region of limited subsidence.
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Transgressive surfaces VE0, VE1 and VE3 within the Viking alloformation can
be traced northward into the Pelican, and therefore the Pelican and lower Viking
formations are stratigraphically equivalent. The upper Viking, allomember VD is
equivalent to a thin veneer of marine mudstone above the Pelican sandstones.
9. Pelican allomembers PeA and PeB form a broadly sheet-like unit, and pass
laterally westward over the crest of the Smoky River Ridge into the upper
allomembers of the Paddy alloformation. Strata of the upper Paddy alloformation
studied in the vicinity of Peace River town consists primarily of tidally-influenced
estuarine sediments that comprise petrographically distinctive units of finegrained lithic arenite interstratified with medium to coarse-grained quartz arenite.
The quartz arenite was of eastern provenance, and implies that the Joli Fou
Seaway was closed by the Pelican delta in early Pelican time. The upper Paddy
and lower Pelican are both broadly sheet like bodies of rock that suggest that
Cordilleran tectonic activity was minimal at this time.
10. Pelican allomembers PeC and PeD toplap towards the west and north against
VE3. This implies that the area further west was probably a sediment by-passing
or subtly erosional area, suggestive of subtle isostatic uplift of the western part of
the foredeep in response to erosion of the Cordillera.
11. Viking allomember D (VD) thickens from a zero-edge in the north, to over 5 m in
the southern part of the study area. In a broader context, VD thickens significantly
into the BC foredeep, which suggests onset of active flexural subsidence. The
present study area was probably situated on the forebulge, that was elevated in
response to renewed subsidence during Viking VD time.

8.2 Suggestions for Future Work
1. A more sophisticated approach to the petrographic analysis of the quartz arenite
sandstones attributed to the Pelican alloformation, is warranted in order to more
accurately identify possible provenance areas within the Canadian Shield.
Provenance analysis of detrital zircons is the primary method used to reconstruct
and interpret fluvial systems (e.g. Lawton, 2014).
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2. Logistical considerations (helicopter access only) limited my investigation of the
Pelican strata exposed on the Athabasca River. A more thorough investigation of
the Pelican rocks along the Athabasca would help to refine our interpretation of
the nature of the depositional system, perhaps allowing a more complete
assessment of sediment dispersal patterns, as well as the relative abundance of
fluvial- and wave-influenced facies.
3. The reason for the apparently ‘sudden’ progradation of the Pelican delta system is
unknown, and deserves further consideration.
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Appendices
APPENDIX A – LOCATION OF OUTCROP SECTIONS
Outcrop Site

Longitude

Latitude

Leckie Site 1A

56°12´24.06ʺN

117°18´20.00ʺW

Leckie Site 1B

56°12´25.04ʺN

117°18´19.01ʺW

Heart River Site 7

56°13´10.03ʺN

117°15´41.03ʺW

Heart River Site 6

56°13´22.05ʺN

117°15´48.03ʺW

Heart River Site 5

56°13´28.05ʺN

117°16´03.05ʺW

Heart River Site 4.5

56°13´27.07ʺN

117°16´24.08ʺW

Heart River Site 4

56°13´35.08ʺN

117°16´19.08ʺW

Peace River Site 2I

56°20´24.05ʺN

117°15´31.00ʺW

Peace River Site 2H

56°20´25.06ʺN

117°15´29.05ʺW

Peace River Site 2D

56°20´26.05ʺN

117°15´27.08ʺW

Peace River Site 2G

56°20´28.02ʺN

117°15´23.09ʺW

Peace River Site 2K

56°20´30.07ʺN

117°15´19.09ʺW

Peace River Site 2E

56°20´31.08ʺN

117°15´18.03ʺW

Peace River Site 2F

56°20´33.00ʺN

117°15´16.05ʺW

Peace River Site 2M

56°20´33.07ʺN

117°15´15.04ʺW

Peace River Site 2L

56°20´35.00ʺN

117°15´13.06ʺW

Peace River Site 2B

56°20´36.01ʺN

117°15´10.04ʺW
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Peace River Site 2J

56°20´38.09ʺN

117°15´03.01ʺW

Peace River 2A

56°20´40.01ʺN

117°14´60.00ʺW

Peace River Site 5

56°34´54.77ʺN

117°06´02.31ʺW

Athabasca Site-A

56°09´06.01ʺN

112°33´18.77ʺW

Athabasca Site-B

56°08´06.93ʺN

112°34´54.98ʺW

Athabasca Site-C

56°04´36.24ʺN

112°37´43.58ʺW

(Buckley, 2009)
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